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FOREWORD 
This report was prepared by the Convair division of General Dynamics 
unde; Contract NAS 1-8494 to the National Aeronautics and Space Admin- 
istration , for the Langley Research Center. The report documents the work 
performed from the inception of the Mod 1 version of the contract through 
the completion of the first phase of the analytical and experimental work 
being conducted in the synthesis of the six analytical models relating to 
gravity-sensitive phenomena involved in typical life support systems of 
the near-term future 
Technical monitors for the NASA/LRC were Messrs. F. We Booth, 
principal; G. Hausch, P. M. Jackson, and W. Piland, assistants. The 
principal members of the Convair study team were J. Burnett, Project 
Leader; E. Evans,, R. Bradshaw, K. Burton, D. Heppner, Analytical 
Model Development and Evaluation; and G. Wood and F. Rivinius, Exper- 
imental Test. 
The period of performace for the work described here-in was October 
1968 through June 1970 and covered all tasks defined under modifications 
1, 2, and 3 for the NAS1-8494 contract. 
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SUMMARY 
This report presents the status of the f'Gravity-Sensitivity Assessment Criteria 
Study,lV more popularly referred to as the "Life Support System Zero-G Study," at 
the conclusion of the tasks defined by the Mod 1 work statement. This 21-month 
study, funded under Contract NAS1-8494 through the Langley Research Center , was 
organized to produce: 
a. A set of experimentally verified analytical models which predict the behavior of the 
various phenomenological processes which are  basic to the life support equipment 
of the near-term future and which can be affected by the expected range of inertial 
acceleration field forces characteristic of manned space missions. 
A set of graphically displayed parametric data which, insofar as is possible, re- 
lates phenomenological process characteristics to equipment design variables. 
The objective of this information is to aid in bridging the traditional gap between 
the information available in the analytical models and the practical world of the life 
support system designer. 
Definitions of the additional experimental work required to completely test the valid- 
ity of the analytical models, if such is required beyond the scope of the present 
contract. Assumptions are made that such may be required, especially under 
"reduced gravity" conditions including the use of R&D orbital space stations. 
b. 
c. 
I 
Six analytical models have been developed following an analysis of some 80 life sup- 
port system (LSS) equipments and a laboratory experimental program has been completed. 
Analysis of the experimental data obtained from the test of each analytical model has 
shown, 1) that the approaches followed were generally sound, 2) that the experiment 
produced data which could be employed to improve the analytical model, and 3) that the 
predictive capability of the model (and computer program) has significant potential to 
the design of life support systems. A summary of the developments of the Mod 1 con- 
tract is given by table 1. 
Two sets of documentation have been initiated - one consisting of the formal docu- 
ments, the other of informal documents. The first has resulted in the publication of a 
monthly letter progress report, a mid-term, and this, the final report; the second 
results in reports released for restricted distribution which describe each analytical 
model and each experimental test. 
B h  
3 'E 
2 
3 
INTRODUCTION 
This report describes the objectives, organization, method of execution, and 
results of the study program conducted by Convair under modification 1, 2, 3 of the 
NAS1-8494 contract* to the NASA-Langley Research Center 
The introduction describes the nature of the program, its objectives, execution, 
intended outputs, and status at this interim point. The remaining sections summarize 
and present examples of approaches being followed in the execution of the program with 
illustrations of the initial results being attained. Details of these results have been doc- 
umented in a series of sequentially updated informal working papers which have been 
edited and published as an integral part of the documentation requirements specified 
under the contract. 
PROGRAM OBJECTIVES 
The objectives of the NAS1-8494 (Mod 1) program relating to the work being repor- 
ted can be characterized by the following: 
a. 
b. 
C. 
d. 
Provide a single source bank of information concerning, 1) the nature of the physio- 
chemical processes basic to the overall inventory of life support equipment which is 
being considered for operational application in the near-term future, with particular 
emphasis on the 1970-80 time period, aM2)  an indication of the degree to which 
these processes might be affected by variations in the local inertial acceleration 
field forces, i. e. , their relative "g sensitivities. 
Design, develop, and initiate the experimental evaluation of a set of analytical 
models which can be utilized to predict the behavior of the phenomena basic to these 
g-sensitive processes when operated under the range of inertial acceleration force 
levels expected for manned space flight. 
Produce a set of "design parametrics" which, over a range of conditions, graphical- 
ly defines the relationship of the parameters which control the actions characteristic 
of these phenomena to the equipment design variables which may be involved. 
Identify and grossly define the requirements which may exist for additional experi- 
mental evaluation of the analytical models beyond the scope of the present program 
with particular emphasis on those evaluations which may be possible only under 
reduced gravitational conditions. 
* Referred to hereafter as the Mod 1 contract. 
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Prior to the Mod 1 change, which essentially doubled the magnitude of the original 
task, the program objectives were more narrowly oriented and were centered on the 
development of a handbook as a guide to life support system designers relative to the 
analysis and design of equipments for operation in zero gravity. Initially the program 
was developed essentially as an extension of the previous NASA-LRC study program 
(ref. 1). The Mod 1 change reflected both the increased confidence attained through 
the demonstrated feasibility and practicality of manned orbital R&D space stations and 
the documentation of their potential value as an integral part of the overall manned space 
program (ref. 2). 
As viewed by Convair , at the outset of the program, the orientation of the revised 
contract in the longrange space technology development program being conducted by 
NASA-LRC is illustrated by figure 1. 
2 
r----------- 
THIRD GENERATION SYSTEM 
ACQUISITION PROGRAM 
/ 
INTEGRATION OF NASA-LRC LSS R&D & MANNED SPACE 
3 
SUPPORT1 NG TECH NOLOGY STUDIES 
POSSIBLE AREA OF 
PHASEOUT 
\ \ SYSTEM FEASIBIL'TY 
:y[i. 
LSS COMPONENT & SUBSYSTEM R&D PROGRAMS 
ILSS 
DEFINITION & 
A CQU IS T I ON 
ALTERNATE DESIGNS EVALUATION 
1 :  
*INSTALLED LSS TECHNOLOGY INFLUENCES PLUS R&D EXPERIMENTAL PACKAGES 
Figure 1. - NASA-LRC Long-Range LSS Technology Development Program , 
TASK DEFINITIONS 
The program to date has been organized around the execution of four major tasks. 
The contractual definition of these tasks can be summarized as follows: 
5 
Task 1 - LIFE SUPPORT SYSTEM COMPONENT/PROCESS IDENTIFICATION AND 
SELECTION. Review the present LSS processes and their operational characteristics 
involved in both the existing integrated life support system QLSS) and the processes used 
in the tradeoff analyses for the future advanced integrated life support system (AILSS). 
A list of the gravity-sensitive basic physical phenomena involved in these processes 
will be generated and submitted to the LRC with recommendations for detailed gravity- 
sensitivity analysis. 
Task 2 - PROCESS ANALYSIS. Analyze those processes selected by the LRC to deter- 
mine the effects of varying gravity environments on the performance of each process. 
These effects or g sensitivities, shall be developed parametrically, with the parameters 
representing design variables where possible., and presented in parametric chart form 
having maximum utility and convenience for the LSS designer. 
Task 3 - VERIFICATION TESTING. Conduct laboratory experimentation to support 
all the analytical prediction techniques derived in Task 2. These tests shall involve lab- 
oratory techniques such as reorientation, centrifugation, and balanced density (liquid/ 
liquid) to vary gravity loads on the experiment. As a part of this task, the requirements 
for testing beyond the scope of this contract needed to completely evaluate and upgrade 
the analyses of Task 2 will be identified, and information which will be necessary to 
develop a preliminary program plan to accomplish the required experiment program 
will be provided. 
Task 4 . DOCUMENTATION. 
MID-TERM REPORT - At the midpoint of this contractual effort a mid-term report 
will  be submitted which documents and summarizes the results of the first half of this 
study. 
FINAL REPORT - At  the conclusion of the analytical and experimental work a writ- 
ten report will be presented summarizing the full results of the study to date and shall 
include tables, graphs diagrams, sketches photographs and dramings in sufficient 
detail to comprehensively explain the results achieved under the contract. 
MONTHLY PROGRESS LETTERS - Program progress will be reported in monthly let- 
ters giving accomplishments during the period $ significant problems encountered, and 
plans for the following period. 
PROGRAM TASK ORGANIZATION 
The program tasks were organized and operated along the lines illustrated by 
figure 2. Of major significance to the visualization of progress were the informal doc- 
uments flowing into the In-Progress Monitoring Channel @). Principal documents in 
this category were the Analytical Model Reports (ANPR), the Experimental Test Plans 
6 
3 
E 
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cl 
7 
(ETP) , and the Experimental Test Reports (ETR) described in detail in subsequent sec- 
tions of this report. The schedule against which these tasks were planned and performed 
is shown in figure 3. All  tasks under the Mod 1 version of the NAS1-8494 program were 
completed as of 30 June, 1970. 
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SELECTION OF ANALYTICAL SYSTEMS 
One of the problems experienced in the development of machine systems tfproducingtf 
physio-chemical processeso such as  those of the current life support systems, has been 
their lack of compatibility with the requirement to operate both where the local inertial 
acceleration field forces are essentially in equilibrium, such as that found in the %east" 
phases of space flight (referred to as ttzero gravitytf)s and also where the magnitude of 
the resultant forces is equivalent to at least one terrestrial gravitational unit (lg). 
Future systems development will require that increasing emphasis be placed on the 
assurance that this capability be achieved (ref. 3). The task undertaken by this study 
was the selection of analytical systems which would clearly encompass the area in 
which such problems exist. 
DEFINITION OF TERMS 
The term "g sensitivityft is widely used to denote the characteristic of a dynamic 
process to be influenced by variations in the magnitude of the resultant forces applied 
by the local inertial acceleration field(s). Quite often the term Ifg sensitive" is used to 
denote that the process (system) is so influenced to the extent that the process can be 
degraded sufficiently to create performance problems requiring some form of opera- 
tional accommodation or corrective action or s in an a priori sense, would require that 
special attention be given this characteristic in the creation and test of the equipment 
system involved. 
Several other terms were identified at the outset of the program and assigned a 
specific definition in an effort to mjnimize problems in communication. These terms 
included the following: 
a. Phenomenon (Physical) - an observable event or manifestation involving the physi- 
cal or material aspects of matter, usually associated with a mass, momentum, 
and/or energy transfer. 
Process - a series of observable events or physical phenomena so ordered and 
controlled as to produce a desired result. 
1. 
b. 
Equipment-oriented process - the process system is identified at a level which 
uniquely includes physical portions of a specific machine system in its struc- 
ture which is characteristically composed of a multiplicity of phenomenological 
actions, 
11 
C. 
d. 
e. 
f. 
2. Phenomenologically oriented process - the process system is identified at a 
level which minimizes unique interdependence with specific machine configura- 
tions and is characteristically composed of a limited number of phenomenological 
actions e 
Mechanism - the fundamental constitutive property exchange involved in the pheno- 
menon. 
System (Machine) - an ordered association of machine elements which can support 
a given process or set of processes and which, in turn, can be controlled to produce 
a predictable result under a given set of conditions in response to a given set of 
inputs. 
Subsystem (Machine) - a portion of a system which can produce a definable function 
within the system process usually is physically separable from other elements of the 
system and which, in turn, usually possesses the characteristics of a system if so 
viewed. 
Mechanization - the material elements of a machine structure created in accordance 
with a specific design and intended to support a desired process. 
EXPERIENCE WITH LSS DESIGNS 
Throughout the current manned space program, operational problems have been 
experienced with various LSS processes. Liquid/gas phase separation problems have 
persisted throughout, starting with Mercury and continuing with the Apollo Lunar Land- 
ing missions. Mercury experienced problems relating to condensation collection and 
transport, while Gemini added the problems of phase continuity in the cryogenic gas 
storage and delivery system, along with those of personal hygiene and sanitation. Apollo 
11 continued to experience problems with condensate collection, separation, and trans- 
port, with both an "improved design!' for primary mode separation and its back-up. 
In addition, operational systems have yet to be designed and tested which satisfactorily 
provide fecal collection, solid waste processing, or bathing. 
Examination of proposed designs for future systems reveals that there is still a 
high probability that these characteristic problems will continue until sufficient atten- 
tion is focused on these problems during design and sufficient information is available 
to obviate their appearance. 
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CRJTIQUE OF AVAILABLE DATA 
At least two problems exist with the data available to design functions throughout 
the industry. One is the paucity of detail data made available to them by the operating 
agencies concerning the technical realities of the experience, both developmental and 
operational, relating to these problems. The other is the paucity of usable technical 
information concerning the characteristics of the processes and'mechanisms involved 
which is available to the engineering functions of design and system selection. Most 
of the information which is available is either too closely tied to the design of a 
specific configuration to be of general value, or too highly generalized or esoteric to 
be readily usable by the design engineer. 
THE LIFE SUPPORT SYSTEM INVENTORY DEFINED 
Task 1 objectives called for the development of a "list of gravity-sensitive basip 
physical physical phenomena involved in these.. . (life support system) . e .  processes.. . 
with recommendations for detailed gravity-sensitivity analysis. '' To accomplish this 
primazy objective, it was contractually required that, as  an initial step, a review would 
be made of "present LSS processes and their operational characteristics.. . to include 
the existing. . .ILSS and those processes used in the tradeoff analysis for the AILS§. 
The first step in the descriptive analysis of the LSS processes was to establish the 
exact identity of the equipments to be so analyzed. This was accomplished through the 
combined inputs from the LRC technical monitor and study team personnel. This series 
of communications, combined with a system-subsystem organization study resulted in 
the following listing of equipment items. 
Reference* 
Number 
I. Atmospheric Supplies 
A. Bulk Storage 
1. 
2. Cryogenic "State" Storage 
Gaseous State Storage ( H i  Press) 
a, Supercritical 
b. Subcritical 
1 
2 
3 
* The reference number is used throughout the study documentation t o  
specifically identify each proprietary equipment set .  
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Ref erenee 
Number 
B. Dissociation of' Stored Liquids 
1. Water Electrolysis 
General Electric 
Ionics 
Hamilton Standard 
Allis Chalmers 
Prat t  & Whitney 
TRW 
Lockheed 
Battelle (Special Case - Atmospheric 
Water Vapor Elect mlys is) 
2. 
3. Hydrogen Peroxide 
Nitrogen Tetroxide and Hydrazine (Johns Hopkins ) 
11. CQ2 Removal 
A. Sorption Techniques 
1. Solid' Adsorbents 
Hamilton Standard (4 bed) 
GATCO (1 and 2 bed) 
MSA (1 and 2 bed) 
General Dynamics 
2. Liquid Absorbents 
B. Electrochemical 
1. Electrodialysis (Ionics) 
2. Electrolysis 
TRW (Carbonization Cell) 
TRW (H2 Depolarization C e l l )  
C. Freeze Out (Hamilton Standard) 
111. Oxygen Recovery 
A. C02 Reduction-Forming %O - - 
1. Bosch Reaction 
Battelle 
GATCO 
TRW 
General Dynamics 
b e i n g  
Engelhard 
Garrett 
Hamilton Standard 
Isomet 
Lockheed 
McDonnell-Douglas 
TRW 
2. Sabatier Reaction (Methane Dump and Cracking) 
4 
5 
6 
7 
8 
9 
10 
(33) 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 . 
25 
26 
27 
28 
29 
30 
31 
32 
14 
Reference 
Number 
B. C02 Electrolysis-Forming 02 (Solid Electrolysis)  
GATCO 34 
Isomet 35 
Lockheed 36 
We st inghouse 37 
C. Water Vapor Electrolysis 
Bat te l le  (Special Case .. Atmospheric Water 
Vapor Electrolysis ) (33) 
I V .  Water Reclamation 
A. Dis t i l l a t ion  
1. Vacuum Dis t i l l a t ion  - Vapor Compression Condensat ion 
GAWO 38 
Marquardt 39 
General Electr ic  (Pryolysis) 40 
Whirlpool 41 
Hamilton Standard 42 
2. Vacuum Dis t i l l a t ion  - Ambient Condens a t  ion 
3. A i r  Evaporation 
Mchnnell-Douglas 43 
AiResearch 44 
4. Flash Evaporation ( AiResearch) 45 
5. Vapor Membrane Diffusion (Hamilton Standard) 46 
B. Electrochemical 
1. Electrodialysis 
Ionics 
McDonnell-Douglas 
C. F i l t r a t ion  
1. Charcoal Adsorption 
General Dynamics 
P a l l  
General Dynamics 
P a l l  
Pa l l  
2. Ion Exchange Resin Beds 
3. Mechanical Par t iculate  
D. Chemical S te r i l i za t ion  
1. Electrochemical 
Ionics 
McDonnell -Douglas 
Hamilton Standard 
2. Mechanical Injection 
479 47b) 
48 
53 
54 
55 
56 
15 
Reference 
Number 
V. Humidity and Thermal Control 
A. Mass Effects - I n e r t i a l  Separators 
1. 
2. 
Rotating Bowl (Hamilton Standard, GATCO) 
Curvilinear Flow Path (Hamilton Standard) 
€3. Surface Effects SeDarators 
General Electr ic  
Lockheed 
T R W  
Langley Research Center 
Hamilton Standard 
C. Intermolecular Effects.  
Hamilton Standard - Membrane Diffusion 
V I .  Solid Waste Processing 
A. Bacterial  Stabi l izat ion 
61 
62 
63 
64 
1. Gamma I r rad ia t ion  (Rad. Mach.) 
2 a 
3. Vacuum Drying 
Liquid Germicide (Hamilton Standard) 
GATCO 
General Electr ic  
Marquardt 
B. Material Decomposition 
65 
66 
69 
1 a Incineration 
GATCO 
Lockheed 
GATCO 
GATCO/Hamilton Standard 
3. Wet Oxidation 
Whirlpool 
2 + Vacuum/Thermal 
VII. Sanitation and Hygiene 
A. Feces Collection 
GATCQ 
General Electr ic  
Hamilton Standard and Rad, Mach. 
B. Urine Collection 
GATCO 
70 
71 
72 
73 
74 
75 
76 
7-7 
General Electr ic  
16 
78 
79 
Reference 
Number 
C, Bathing 
1. Body Wipe (Hamilton Standard) 80 
2 . "Automatic" Sponge (Hamilton Standard) 81 
3.  Shower (Hamilton Standard) 82 
D. Clothes Washing (Hamilton Standard) 83 
The results of the system organization study are diagramatically illustrated by 
figure 4. 
The next step involved the detail descriptive analysis of each item listed, including 
the intuitive identification of potential gravity-sensitive processes. Figures 5 and 6 are 
examples of the documentation prepared to describe each of the equipment items consid- 
ered to have a sufficiently unique functional or configurational characteristic as to war- 
rant separate consideration. The system organization study and the preliminary ljrocess 
analyses formed the points of reference for all continuing work. 
Some 80 LSS equipments were studied in these two steps, resulting in the identifica- 
tion of approximately 200 equipment-oriented processes considered to be potentially g 
sensitive. The principal processes identified as potentially g sensitive are listed by 
subsystem under four basic phenomenological groupings, table 2. 
It was next required that this large number of specific equipment-oriented processes 
be reduced to the fewest number of basic analytical system models which, as a group, 
would encompass essentially all of the processes reported in the original set. However, 
in so doing, it was desirable to maintain visibility of as much of each of the phenomenolog 
ical actions as possible in the analyses to be performed. To attain this goal, the concept 
of the analytical system, a traditional approach which permits the analyst to schematicallj 
represent the processes to be included in the analyses and a framework for defining its 
boundaries, was introduced. Such an approach requires that an iterative procedure be 
followed which sequentially reduces the large number of hardware systems models with 
many similarities to a small number of d y t i c a l  system models. These, as a group, 
encompass at least the majority of the processes represented by the original set, but 
with a minimum of repetition between systems and yet with as wide an analytical applica- 
tion as possible. 
This analytical process, then, is one of degeneration and the systems so amenable 
are typically referred to as "degenerate systems. I '  These tasks are diagramatically 
represented as part of Steps 1, 2, and 3 of figure 7.  
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H 
SUBSYSTEM 
' I  CONDENSOR" 
N-TUBE 
GAS 
SUPPL 
*WATER TRANSPORT PUMP 
Y 
EXPULSION CYCLE 
VALVES 
COOLANT 
2ND 
STAGE 
CONDENSOR 
ACTUATING 
GAS PRESSURE 
Process Technique: 
Mechanization & Mf'g. : 
LSS Function: L/G Separation - Water Recovery 
Data Reference: N-40219, "Waste Management.. . ", April 1965. 
Fin Tube WT - Wick Collector and Transport 
Condenser/Separator - General Electric 59( c) 
Processes Involved 
Condensing 
L/G Separation and 
Transport 
Mechanism( 8 )  
Eknployed 
Liquid-solid-gas HmTm 
1, Liquid/metal - surface 
tension 
2, In i t i a l  transport by 
fin energy gradient 
3. Secondary transport by 
wick capillari ty 
4, Tertiary transport by 
pumping action 
* 1 = Highly sensitive, 5 = essentially insensitive, 
Degree of g 
Sensit ivitylc 
4 
1 
2 
2 
3 
Figure 5. - Process Identification Sheet - Condenser/Separator 59( c )  
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WASTE WATER 
DISTRIBUTOR 
MATERIAL' 
LOW HUMIDITY 
AIR FLOW 
EVAPORATOR 
WICK PRINCIPLE 
SOUNOID 
- TEMPERATURE 
SENSORS 
SUBSYSTEM 
*Wmte water feed control parameter 
Process Technique: 
Mechanization & Mf'g.: 
LSS Function: Water Recovery 
Data Reference: 
A i r  Evaporation - Wick - Closed Circuit Distillation 
Air Evaporation Unit - Hamilton Standard 42 
#131268, " A i r  Evaporation Water Recovery System, " 1968. 
Processes Involved 
Liquid/gas separation - liquid 
storage 
Liquid/liquid injection and mixing 
Liquid/gas separation 
Liquid transport 
Wick saturation 
Waste water evaporation 
Fluid management, L/G interface 
s tab i l i ty  control 
Gas transport 
Liquid dispersoid transport 
Liquid evolution (condenser) 
and flow control 
Mechanism( 8 )  
Employed 
Pressure bladder 
Displacement injector 
Centrif'ugd separator 
Displacement 
Wick capillari ty 
Evaporation H.T. a t  
ambient pressures 
Wick capillari ty 
Inertial, blower 
A i r  drag 
Condensation H.T, and 
drag 
Degree of g 
Sensitivity 
4 
. 4  
4 
3 
2 
2 
4 
1 
1 
2 
Figure 6. - Process Identification Sheet. - Water Recovery 42 
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Table 2. - Process Analysis Summary 
Poten t i a l  
"G" Sensi t ive 
Subsystem 
I. Atmospheric Supply 
A. Storage 
B; Chemical 
11. CO2 Removal 
A. Sorption 
B. Electro-Chemical 
111. Oxygen Recovery 
A. C02 Reduction 
B. C02 E lec t ro lys i s  
C. H20 Vapor Electrokysis 
IV.  Water Reclamation 
A. D i s t i l l a t i o n  
B. Electro-Chemical 
C. F i l t r a t i o n  
D. S t e r i l i z a t i o n  
J .  Humidity Control(2) 
A. Mass Effects  
B. Surface Effects  
C. Inter-Molecular 
Effects  
II. Solid Waste Processing 
A. Bac te r i a l  S t ab i l i za -  
t i o n  
B. Material Decomposi- 
t i o n  ' 
{II. Sanitat ion & Hygiene 
A. Feces Collection 
B. Urine Collection 
C. Bathing 
D. Clothes Washing 
Materials 
Transport 
Gases 
Gases, Liq i /Liquid . 
Liquid/Gasbf 
Liquids, Gases, 
Liquid/Gas, Gas/Liquid 
Liquids, Gases, Gas/Gas 
Gas Dispersoid i n  Liquid 
Gas-Liquid Mixing. 
Sol id  (Dispersoid i n  Ges 
Liquid Film 
Gas, Liquids, Gas-Gas 
(Mixing) 
Gas 
Gas 
Liquids, Gases, L-L 
Mixing, G-G M i x i n g ,  
Liquid Dispersoid, 
Liquid Film 
Liquid, Liquid Film 
Liquid 
Liquid, L-L Mixing 
Liquids, L-G Mixture, 
G/L Dispersoid, Liquid 
Film 
Liquids, Gases, Liquid 
Film 
Liquids, Gases, Liquid 
Film 
Liquids, Gases, Solid- 
Liquid Mixing 
Liquids, Gases 
Liquid/Gas Mixture, 
L-G and G-L Mixing 
Gas ,  Liquid, L-G Mix 
Gas/Solid (Dispersoid) 
G-L Mixing 
Solid-L Mixing 
Liquids, Gases, L-0 
Mixture 
Liquids, Gases, L-L 
M i x i n g ,  L-G Mixture 
Liquids 
Phase Change 
Evaporation 
Dissoc iat  ion 
Condensation 
Evaporation 
Dissociation 
Absorption 
Dissociation 
Condensation 
Absorption 
Condensation 
Crys t a l l i za t ion  
Dissociation 
P rec ip i t a t ion  --- 
Evaporation, 
Condensation 
Dissociation 
P rec ip i t a t e  --- 
--- 
--_ 
_-- 
Diffusion 
(Membrane) 
--- 
Dissociation 
Condensation 
Sublimation 
Materials 
Gepsretion 
Liquid-Gas 
Liquid Dispersoid 
Liquid Dispersoid 
L/G Mixture 
Gas-Gas (Solvent) 
L/G (Dispersoid) 
L/G (Mixture) 
Gas-Gas (Solvent) 
L/G Mjxiure 
G/Solid (Dispersoid 
Liquici (Solvent) 
--- 
Liquid Dispersoids 
L/G Mixture 
Gas-Gas (Solvent) 
L-L (Solvent) 
Liquid (Solvent) 
L/Solid (Dispersoid 
Liquid (Solvent) --- 
./G Mixture 
:/L Dispersoids 
d/G Mixture 
;/L Dispersoids 
; /G Mixture 
L/G Mixture 
;/Solid (Dis ersoid)  
:as (Solventj) 
L/G Mixture 
Gas/Solid Dispersoid 
:as (Solvent) 
L/G Mixture 
Gas (Solvent ) 
L/G Mixture 
L/Solid (Suspended) 
L/G Mixture 
L/Solid (Suspended) 
Conductive/ 
Convective 
Heat TrRnfifer 
Liquid & Gas 
Liquid & Gas 
Gas, Liquid 
Liquid 
Gas, Liquid 
Gas, Liquid 
P l a s t i c  ' 
Liquid 
Liquid, Gas 
--- 
--- 
--- 
--- 
--- 
Liquid, Gas 
Ga.s, Liquid 
Gas, Liquid 
--- 
--- 
--- 
--- 
rote: (1) Where applicable L = Liquid, 0 = Gas, S = Solid,  L-G = Liquid introduced i n t o  Gas, L/G = Liquid & Gas, e tc .  
(2) Restr ic ted primarily t o  t h e  phase separat ion functions.  
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THE DEGENERATIVE ANALYSIS 
The descriptive analysis had resulted in the identification of some 200 specific 
equipment-oriented processes, Reducing these equipment-oriented processes to a more 
generalized form and eliminating repetition followed and resulted in the identification 
of 44 phenomenologically oriented processes in six major categories as shown in table 3. 
Continuation of the degenerative analysis tramformed the 44 phenomenologically 
oriented processes into 13 highly generalized, analytically oriented process systems of 
phenomqna which, in turn, were grouped under four major categories with the final re- 
sults shown in table 4. This series of d y s e s  was conducted under the following set 
of selection criteria: 
a. 
b. 
The phenomena is basic to a process appearing on a process identification sheet. 
The process appears to be inherently affected by inertial acceleration forces in the 
range of 10'6 to 2g (equivalent), or in certain cases the process presents a potential 
design problem with respect to the gravitational vector in at least one of the following: 
1. Research and/or operational experience to date indicates uncertainties in the 
design of equipment to support the processes involved. 
Analysis indicates that potential design problems may occur. 
Uncertainties exist in traditional design practices concerning the nature of the 
mechanisms involved and/or the analytical approaches to adopt to relate these 
mechanisms to the controlling design variables. 
2. 
3. 
c. The process has a significant probability of being considered for LSS designs appli- 
cation in the 1970-1980 time period. 
The process is amenable to theoretical and/or experimental analysis in a manner 
relatable to the attainment of design solutions. 
de 
Interim results are shown in the following listing with final results in table 4. 
Interim results: 
a. Material Transport Systems 
1. Fluid Transport (closed conduit): Single phase, homogeneous fluids (gas and 
liquid), bulk transfer through a closed conduit. 
fer of liquid through a matrix capillary (wick) in the presence of a gas. 
2. Fluid Transport (open matrix): Single phase homogeneous fluids , bulk trans- 
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Table 3. - Phenomenologically Oriented Processes 
9. Material Transport 
1. Single Phase 
a. Bulk Transfer 
1. Liquid 
2. Gas 
b. Fluid Mixing 
2. Gas-Gas 
a. Bulk Transfer 
1 Liquid-Liquid 
2. Multiple Phase 
1. Liquid-Gas M l x t u r e  
2. Liquid Dispersoids (Gas) 
3. Gas "Dispersoids" 
4. Solid Dispersoids (Gas) 
5. Solid "Dispersoids" 
6. Liquid Film (Solid-Gas) 
1. Gas i n  Liquid 
2. Solids i n  Liquid 
(Liquid) 
(Liguid) 
b. Phase Mixing 
- - -  - - - - - - -  -. 
2 . Materials Separation 
1. Phase Separation 
a. Liquid/Gas 
1. Liquid Dispersoid 
2 . Gas "Dispersoids" 
3. Liquid/Gas Mixture 
1. Solid Dispersoids 
1. Solid nDispersoidsn 
2. Solute/Solvent Separation 
b. Solid/Gas 
c . Solids/Liquid 
a. Gas Phase 
b. Liquid Phase - - - - - - - - - - - -  
3. Chemical Reaction 
1. Dissociation 
a. Gases 
b. Liquids 
a. Gases 
a. Gases 
b, Liquids (Organic Materials) 
c . Micm-biological Materials 
2. Reduction 
3. Oxidation 
B, ghase Change 
1, Liquid to Gas 
a. Evaporation 
b Dissociation 
C .  Desorption 
2. Gas t o  Liquid 
' a. Condensation 
b. Absorption 
3. Gas t o  Solid 
a . Crystallization 
4. Solid t o  Gas 
a. Sublimation 
D. Heat Transfer 
1 . Conductive 
a. Liquid-, Solid 
b , Gas- Solid 
c . Liquid( Gas) - Solid - 
Liquid( Gas) 
2. Convective 
a. Liquid 
b. Gas 
3. Radiative 
a. Solid- Liquid 
b. S o l i d 4  Plast ic  
F. Materials Containment 
1. Fluids Storage 
a. Gases 
b. Liquids 
c . Vapor-Liquid Mixtures 
2. Phase Interface Management 
a, Liquid t o  Gas 
b. Solid (Plastic) t o  Gas 
3. Positional S tab i l i ty  (Maintain 
Relative Position) 
a, Liquids 
be Solids 
c,  Plast ics  
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Table 4. - Analytically Oriented Process Systems 
I, MultiDhase Flow 
A. One-Phase Continuum 
1. Nucleate Boiling 
2. Transport of Dispersoids 
3. I n e r t i a l  Separation 
4. Mixing of Dispersoids and 
Carrier (Homogenation) 
B. Mixture Continuum (Non- 
Newtonian) 
1. Transport 
2. Separation 
3 . Mixing (Homogenation) 
11. Multi-commnent Gas Flow 
A, Diffusion of One Component 
1. Humidification 
2. Dehumidification - - - - - - - - - - - - -  
111. Motion of !Chin Liquid Layers 
A. Films 
1, Conical Surfaces 
2. Flat P la te  Surfaces - - -  - -  - - - -  - - - -  
IV. Thermal Energy Transport 
A . Convect ion 
1. Natural 
2. Forced 
3. 
4. 
5. 
6. 
7. 
Fluid Transport (mixing):, Single phase, heterogeneous fluids (liquid and gas), 
mixing within a closed conduit or vessel. 
Fluid Transport (dispersoids and their suspending media): Multiphase , bulk 
transfer through closed conduit: a) liquid dispersoids, b) gas dispersoids. 
Fluid Transport (liquid/gas mixtures): Multiphase , bulk transfer through 
closed conduit. 
Solid Dispersoid Transport: Multiphase , bulk transfer through closed conduit, 
gas and liquid medium. 
Fluid Transport (liquid film): Multiphase, interface with solid surface and gas: 
a) flat plate - surface effects and gas shear with interface stability and film- 
droplet transition as major concerns, and b) conical "plate" - general transport 
mechanism. 
b, State Change 
1, Vaporization: Physical and thermal aspects, particularly for the nucleate 
boiling case. 
Condensation: Physical and thermal aspects, cold plate HX, solid and porous 
plate, 
C. Material Separation 
2. 
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1. Phase Separation Liquid/Gas: Coalescence of liquid dispersoids in a gas stream 
and formation of a single liquid/gas interface employing a) surface effects, and 
b) inertial mechanisms. 
Phase Separation Gas/Liquid: Gas dispersoids in a low-pressure liquid stream 
removed by surface effect mechanism (hydrophobic membrane). 
Phase Separation Liquid/Gas: Separation of the liquid and gas components of a 
mixture being transported through closed circuit, inertial and surface effects 
mechanisms. 
2. 
3. 
4. Phase Separation Solid/Gas: Concentration and retention of solid and gas stream 
(closed conduit), Inertial mechanisms. 
d. Heat Transport - Convective Heat Transfer: Free and forced convection plus dif- 
fusion of a single phase fluid for a liquid and gas. 
It can be noted that process categories E and F of table 3 were added to provide 
clearer visability to several actions not clearly identified by table 2. As a result of 
this examination these actions were not explicitly included in the analytical orientation 
of table 4 as only the material transport processes involved in chemical reactions are 
sufficiently affected by inertial forces to be of interest and, similarly, the containment 
processes are essentially special conditions of material transport and, as such, implic- 
itly treated under the four analytical categories. 
THE ANALYTICAL SYSTEMS 
Six systems of analytically oriented processes were selected from those listed in 
table 4 as representing, at least in their final analytical form, virtually all of the 
basic phenomena which could be noticeably affected by variations in the local inertial 
field forces, i. e. , are ('g sensitive. 
scriptive titles, were so defined as to include at least the following areas of interest: 
These analytical systems, identified by their de- 
a. Nucleate Boiling - Primarily defined by the parameters relating to bubble behavior 
and the characteristics of the liquid/vapor mass when enclosed in a rigid container 
and subjected to various forces and energy exchange rates. I A1 (I A2, IV A1 & 2)* 
Diffusion Convection - Primarily defined by the parameters relating to the evolution 
of diffusion in a convection medium where eo-current and counter-current diffusion 
may exist with single or two-component diffusion as an uncertainty, II A1 & 2 
b. 
c. Film Stability and Transport - Primarily defined by the parameters relating to the 
transport of liquid films on solid surfaces and the influence of interfacial shear 
forces , surface temperature gradients, and gravity field effects with spbcial 
* Refers to listings under table 4; references in brackets are examples of implied 
relationships e 
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emphasis placed on the film behavior in the transition from stable to unstable 
transport regimes. I I I A l &  2 
Inertial Separation - Primarily defined by the parameters relating to the transport 
of liquid dispersoids in a gas stream and their eventual separation and single phase 
transport. Included are, 1) the effects of inertial and liquid surface forces on drop- 
let size and, in turn, on transport drag forces and velocity, 2) the behavior of 
droplets impacting on various surfaces, and 3) the behavior of droplets and films 
reacting to various surface, interfacial shear, and inertial forces associated with 
the liquid phase transport functions. I A3 (I A2, I B2, III A i  & 2) 
Convection Heat Transport - Primarily defined by the parameters relating to the 
process of transport of component fluid particles within a fluid body as a result of 
buoyancy (density) differences created by a nonuniform transfer of heat to or from 
the fluid mass. Of special interest are the effects of turbulent mixing, variations 
in the inertial acceleration field, and the conditions leading to and accompanying 
the transition from laminal to turbulent flow. IVA 1 & 2 @I A1 & 2 ,  I A2) 
Flow Regime Characteristics - Primarily defined by the parameters relating to the 
process of transport of various forms of a mixture continuum exhibiting non- 
Newtonian flow characteristics. Of particular interest is the transport of nonhomo- 
geneous liq[uid/gas mixtures through a closed conduit. I B i  (I B2 & 3, III A2) 
d. 
e. 
f. 
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DEVELOPMENT AND TES OF ANALYTICAL MODELS 
GENERAL APPROACH 
The f i rs t  major step in the development of the analytical models was the selection of 
the general constitutive equations which specify the temporal and spatial history of the 
variables involved. Examination of the principal processes associated with life support 
systems indicates that elements of two phenomena are  subject to alterations due to vari- 
ations in the inertial fields, namely 1) multiphase transport and 2) heat transfer. Par- 
ticularly involved are  phase separation in the former set, with convection and boiling in 
the latter. The equations determined to apply were those dealing with the conservation 
of mass, momentum, and energy. Analytical prediction of sensitivity to the inertial 
acceleration field is explicitly considered in the general equations of motion, with solu- 
tions which a re  only peculiar to the applied boundary conditions. 
A unique aspect of this study program was the requirement to test the validity of 
each predictive model with a physical model of the processes under study. Each test 
model was a simple and straightforward mechanization of the analytical model configured 
in such a way as to be relatable as possible to typical life support equipment designs, yet 
sufficiently general to permit a wide range of application of the results. A l l  experiments 
were conducted under laboratory conditions, i. e., at  l g  levels. Requirements for ex- 
perimen tal evaluation of the analytical models under reduced-gravity conditions were 
identified and described. 
Following the establishment of these basic guidelines, the six analytical models 
were developed under these criteria: 
a. 
b. 
C. 
d. 
The level of treatment should be sufficiently general to ensure that its predictive 
aspects would have as wide an application as possible, yet be readily relatable to 
the equipment-oriented processes as identified. 
Maximum use be made of prior analyses and analytical tools existing in 1) both the 
proprietary and nonproprietary inventories of Convair, 2) government documents, 
and 3) the open literature. 
The model should be oriented to describe the behavior relative to the phenomeno- 
logical actions identified in the tfdesigntf of the analytical systems under varying 
conditions, with emphasis on the effects of specified variations in the local inertial 
acceleration vector. 
The level of detail for any given model should be such that i t  supports the develop- 
ment of maximum descriptive coverage of the full range of equipment processes 
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identified, yet is accomplishable within the schedule, manpower, and dollar allo- 
cations of the contract. 
e.  The model can be readily tested and augmented through relatively simple and eco- 
nomical experiments capable of significant yield, both when initially performed 
under typical ground-based laboratory conditions and, if subsequently found neces- 
sary, performed under the low-gravity conditions of space flight. 
The model and its evaluation will be described in an informal working paper under 
the title of Analytical Model Report.' 
f. 
The following guidelines were used in the design of each experimental test model 
and the corresponding set of procedures: 
a. 
b. 
c. 
d. 
e. 
f .  
Each design will be such that the model and set  of experiments can be completed 
within a specified cost and schedule allocation. 
Experiments need not be conducted against certain facets of the analytical model if: 
1. 
2. 
3. 
4. 
Information is available in the literature concerning prior experiments. 
Expenditures in cost, manpower, schedule, would be excessive, 
Results a re  considered to be trivially obvious. 
The mechanization would complicate the apparatus to the extent that the collec- 
tion of other data might be seriously impaired. 
Test model and experiments design may include avenues of investigation not speci- 
fically required in the evaluation of the analytical models if it appears that such will 
produce information of value to the life support system design task and it can easily 
be accomplished without compromising the basic objectives of the experiment. 
The design and fabrication of apparatus will be such as to demonstrate the capability 
to integrate the experiments into a minimal number of multijunctibn flight experi- 
ment packages. 
The documentation of the preliminary design of each experimental test will be com- 
piled in an informal working paper under the title of Experimental Test Plan. 
The description of each experimental test as conducted will appear in a second in- 
formal working paper under the title of Experimental Test Report. 
A schematic representation of the initial concepts employed in this developmental 
process is shown in figure 8. 
Additional documentation can be found in Evans, E. A, : Computer Program Docu- 
mentation for the NAS1-8494 Mod 1 Contract. GDC-DBD70-002 (a set of three 
documents, vole I, 11, and 111), Convair division of General Dynamics, June 1970.* 
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ANALYTICAL MODEL NO. 1 - "NUCLEATE BOILING" 
An analytical model has been developed which predicts both the evolution (temporal 
and spacial) of a bubble distribution in a nucleate boiling process and the resulting alter- 
ation of the pool configuration within the container. The predicted behavior is centered 
in the low-gravity case but correlations with behavior across a range of inertial acceler- 
ation forces experienced during prelaunch, boost, and orbital phases of space flight 
become possible. 
a. 
b. 
C. 
d. 
e. 
f .  
g* 
h. 
i. 
The phenomenological considerations embodied in the model are: 
Bubble generation with time- and spatial-dependent radii and frequencies. 
Kinematics and. energetics of a single bubble moving in temperature and inertial 
acceleration fields in three dimensions. 
Time- and spatial-dependent temperature and inertial acceleration fields. 
The effect of bubble wake on following bubbles. 
Bubble agglomeration. 
Interaction with container walls (slip o r  no slip) and with screens (escape). 
Vaporization (two ways): 
1. Nucleate boiling. 
2. "Bulk" boiling. 
(This vapor generation is partitioned between the liquid/ullage interface and the 
existing bubble population in proportion to relative surface areas. ) 
Liquid energy conservation, outflow, and level determination. 
Convective heat transfer to liquid phase, which is dependent on liquid level. 
The model can be considered to predict the behavior of vapor bubbles moving in a 
pool of the vapor-forming liquid and specifically assesses the effects of variations in the 
forces, including those of inertial acceleration, which control this behavior. Phenomena 
associated with this behavior have been identified as appearing in the normal mode of 
operation for at  least one equipment type in each of the LSS functions studied and in many 
equipment types for major degraded modes of operation (ref. 1). 
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Table 5. - Nomenclature for Nucleate Boiling Calculations 
F 
X 
v 
P 
RB 
2 
g 
NOMENCLATURE 
force 
position coordinate 
velocity 
density 
bubble radius 
i n e r t i a l  acceleration ( e  .g., gravity) 
un i t  vector 
6( ) variation i n  ( ) 
shear stress 
surface tangent 
uni t  vector i n  polar angle direction (positive i n  direction of 
increasing angle) 
increment of surface 
polar angle 
surface tension 
temperature 
axis of symmetry of bubble 
gradient operator 
drag coefficient 
2 V RB Reynolds number 
viscosity 
mass 
specific internal  energy 
Tressure 
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Table 5. - Nomenclature for Nucleate Boiling Calculations (Contd) 
A 
g 
B 
W 
e 
A 
0. 
V 
D 
a, 
specific volume 
specific enthalpy 
integrated average of 4 over the wake  shadow region of a lead ( 3 )  
bubble projected on a following ( i )  bubble 
.-) 
magnitude of vector A 
SUBSCRIPTS 
l iqu id  parameter 
gas parameter 
bubble parameter 
wake parameter 
dnert ia l  f ie ld  parameter 
actual ( w i t h  corrections) 
defines the surface tension and radius values a t  t h e  bubble equator 
velocity parameter 
&rag parameter 
i n f i n i t  e spa t i a l  region 
SUPERSCRIPTS 
B buoyant 
D &a@; 
ST surface tension 
i 
3 
following bubble i n  wake consideration 
lead bubble i n  wake consideration 
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DESCRIPTION OF THE MODEL 
Single-Bubble Dynamics 
The motion of a bubble moving in a liquid with noncolinear gravitational and temper- 
ature fields is considered by summing the body and surface forces acting on the bubble, 
neglecting the bubble inertia. 
-.B -.ST -.D 
F + F  + F  = O  
GB E buoyant force 
sST = surface tension force resultant 
-.D 
F c liquidbubble momentum exchange (drag) 
The equation of motion for a bubble, neglecting inertia (implies terminal velocity), 
is written as the difference form of the time integral of velocity, 
- 
4 4  
6 x = v  6t 
6x 9 change in position 
v I average velocity 
B 
4 
- -. 
B 
6t E time increment 
The buoyant force is given by (for nearly spherical bubbles), 
Consideration of the effect of a surface tension gradient on bubble motion requires 
conceptual investigation of the ffgrundlagen'* of interfacial phenomena. The interface is 
a thin film which is elastic but not plastic (it may not flow) (ref. 2) for no circulation 
within the bubble. The bubble is treated as an inertialess void, The normal traction, 
therefore, establishes the surface topology and has no accelerative effect on the bubble. 
A confined liquid segment, on the other hand, would have an induced pressure gradient 
corresponding to the surface tension gradient and would cause the liquid to flow. The 
tangential tractions will accelerate the bubble since the interfacial surface cannot flow. 
The result for a spherical surface is given by, (ref. 3) 
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-4 
;ST = -JA e n dS = acceleration due to surface effects = T  
AT - 3 net surface traction tensor 
n 
- 
-4 
5 unit tangent vector to surface 
T 
For an azimuthally symmetric surface and surface tension gradient, 
4 4 4 4  
AI nT = (va 0 n ) n - T T  
For small changes in bubble radius with polar angle, 
n 
e 
(3) 
(4) 
Thebubbleradius is given by the normal surface traction difference; this is constant 
since the surface is not growing, 
00 
- = constant (5) a - - -  
RB R B o *  
which defines the bubble radius o r  topology. For an axial temperature field, 
a 0  a T  a = a  + R   COS^- - 
O B  aT az 
from equation (5) 
Equation (4) becomes 
(9) 
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From symmetry, only the axial component of force survives, 
-9 (v 0. n ) sin 8 ds ST F% T 
To first  order, equation (10) yields, 
(11) 
ST - . 877 aa a T R 2  
FZ - - - - -  3 a T a Z  BO 
Equation (1) is for a nearly spherical gas volume with a single surface (bubble). The 
vector form of (11) is, 
G T  (12) 3 a T % o  
ZST 8m ao  2 = - -  -
The drag force is given by, 
2 
V 
4 B 2 h  
F D = - C  D 4 2  p --(nRB)ev 
The velocity vector direction is given by the vector sum of forces, equation (l), 
To define the drag coefficient, i t  is necessary to review the kinematics of bubble 
drag. Three regions of interest are considered, 
I Spherical particle 
I1 Nearly spherical particle 
I11 Deformable body and the transition region 
Region I is commonly known as Stokes drag region for spheres; the Reynolds number 
interface for  Regions I and I1 occurs at  Re = 2, (ref. 4). Region I1 is for nearly spher- 
ical particles and is the same functional relationship as Region I with different constants. 
The Reynolds number interface for Regions I1 and I11 4s a function of fluid parameters 
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and is defined by the intersection of the drag function in Region I1 with the functional re- 
lationship in Region 111. Typical values of Re at the intersection are 80 to 400. The 
evaluation of the region separation and functional dependences in each region are  based 
on extensive study and comparison of data contained in references 4 and 5. Consider- 
able scatter and conflict in data preclude a more definitive evaluation. In Regions I and 
11, the drag coefficient is a simple function of Reynolds number, 
n 
C = a R e  
D 
The velocity is defined by 
(15) 
The value for ftal't of 24 provides reasonable data correlation for Region I, with nl= -1. 
For  Region 11, a2 = 19.7 and n2 = -0.725 are  appropriate. 
Region I11 is associated with the onset and growth of surface deformation due to 
tangential shear stresses. The region embodies both the initial oblate deformation and 
the final "hemispherical cap" configuration. The drag coefficient is a function of the 
ratio of accelerative forces (F' "B +F "ST ) to normal surface tension traction; for  only 
buoyant forces, this is the Eb'tvb's o r  Bond number 
-A N C = C  (1-e E) 
D w  
The exponential relaxation of equation (17) accommodates the transition to the totally 
deformed hemispherical cap state. Values of Cw = 2.64 and X = 0.13 were found to give 
the best correlation with references 4 and 5. Using n = 0 and a = CD in equation (16), 
the velocity is prescribed for Region III. 
In Region 111, the acceleration due to surface tension gradient (temperature field) 
is reduced because the topological deformation alters the surface integral and traction 
in equation (3) and introduces anisotropic components. However, this force is only 
important in low-buoyancy situations; therefore, the alteration for region dependence 
is neglected. 
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The effect of finite medium on the velocity is approximately treated by considering 
the mass conservation equation of the liquid surrounding the bubble in the limited region. 
The increased relative velocity around the bubble increases the drag and results in a 
reduced velocity for the bubble in the confined region. 
R I finite region radius T 
Reference 5 shows that this result is approximately correct (it is obviously self- 
consistent). The velocity, actually, falls off somewhat faster for bubbles in Region III. 
For a medium containing many bubbles, the velocity is defined by, 
where a is the local area fraction of bubbles. 
Bubble Energy Equation for a Single Bubble 
Thermodynamic evolution of a bubble is described by a differential form of the 
f i rs t  law energy equation. The gaseous phase inside the bubble is considered to be 
saturated at the pressure corresponding to the external pressure plus the surface trac- 
tion. Energy transport (heat and/or mass transfer) between the bubble and liquid phase 
is considered. 
- 
O = m  u - m  u +6m h + 6 m  6 - 6 m  +6(P?) (19) 2 2  1 1  c T  Q T  V T  
for time 1 to time 2, where, 
bubble mass 
bubble internal energy (specific) 
mass transfer due to change in state of bubble 
mass transfer due to heat transfer to liquid phase 
mass transfer due to change in liquid state (vaporization) 
bubble internal pressure 
bubble specific volume 
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I -  
-gmc>O, 6m > O ,  6m < O  I hfg Q V 
average bubble enthalpy (specific) 
average heat of vaporization 
local liquid phase pressure 
Continuity of bubble mass yields, 
= 6mv- 6m Q - 6mc m - m  
It is assumed that the bubble remains at saturated gas conditions. 
2 1  
Wake Effects 
In the study of bubble populations, the velocity field behind a bubble (wake) must be 
considered in the velocity prescription of bubbles rising in succession. As  an approxi- 
mate approach, a superposition of wake velocities which interfere with a particular 
bubble is used. This is uite reasonable for moderately dense populations because the 
wake relaxes as ( X / D ) - ~ ~  for axisymmetric bubbles. 
The velocity of bubble ??iff is given by, 
where - j i  
v wake velocity which interacts with bubble 9" from bubble ?'j. f f  
W 
The velocity field in the wake of axisymmetric bodies is expressed (this is a vector 
representation of the wake velocity) as 
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where 
-4 4 j  -)i 
R.. = x - x E relative vector coordinate of bubble (j) with respect to bubble (i) 
x 
f l  e functional dependence of axial? velocity in wake on the relative distance 
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4 = position vector of bubble 
j i  
-- .. I sji I 
fJ1 = functional dependence of radial? velocity in wake on the relative distance 2 I ‘ji I 
The velocity field behind a single body with axial symmetry has been investigated 
(ref e 6) for turbulent wakes. The consideration of only turbulent wakes is reasonable 
since laminar wakes occur only for  very small bubbles o r  low velocities where wakes 
are not important; also, the laminar wake is similar to turbulent wake in its attenuation, 
(x/D)-l ,  references 2 and 7. 
j i  j i  
1 2 
The functions f and f are, 
2 
A 
where 
4 
R.. e V ~ A  
E projection of relative position vector on velocity direction of 31 x.. I 
31 \‘AA I lead bubble e 
4 - , j  q.. f 1 Rji -x.. VB 1 /b e normalized projection of relative position vector on 
direction normal to velocity of lead bubble. J1 31 A 
-0.267 j 2  1/3 
b E 1.222 C (CDnR x..) 
B J1 
The constant **C** is determined by experimental correlation. A value of C = 0.288 was 
obtained using data in reference 8. 
t Axial and radial a re  defined by the velocity vector of the lead bubble (j). 
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Agglomeration and Con tainer-Wall Interaction 
Interbubble agglomeration (coalescence) and bubble, liquid/ullage surface coales- 
cence is represented by two equations, 
= impact parameter for bubble collisions 
%MP 
S 
I impact parameter for bubble/surface collision 
3 vector from bubble center normal to liquidhllage surface 
%MP 
'is 
Equations (23) and (24) define conditions for  agglomeration to occur: for interbubble 
collision, the resulting bubble is positioned at the center of mass of the two original bub- 
bles. Observation of coalescence indicates that 
Bubble collisions with the confining walls of the container result in one of two pos- 
sible situations: free slip, no slip. 
NO Slip - VB I = o  
WALL 
In the first situation, the bubble hits the wall and travels along a geodesic of the surface; 
for the second situation, the bubble strikes the wall and remains at  the point of impact. 
Another consideration is that the wall may be porous and the bubble could possibly 
escape; this is determined by the relation of the normal force of the bubble a t  the con- 
tainer wall to the surface tension retardation force provided by the wall pores. If the 
normal force is greater than the combined surface tension forces of all involved pores, 
then the bubble "escapes" and is lost forever; if the normal force is less, the bubble 
is retained. 
41 
Vapo ri za ti on 
There a re  two mechanisms for vapor generation: nucleate boiling and 'bulk" boiling. 
For nucleate boiling, the site, the time-dependent initial radius, and the time-dependent 
frequency of production are  input to the program. The mass of vapor produced is sub- 
tracted from the liquid phase and a new bubble is born. 
Boiling which is the result of change in thermodynamic state of the liquid (bulk), 
e.g. pressure decay and convective heat transfer, is added to the existing voids, in- 
cluding the ullage space, in proportion to liquid/gas interfacial areas. 
where 
= liquid phase mass change due to vaporization 
6mLV 
= liquid ullage interface area 
S 
A 
6m: = mass addition to ith bubble 
arbitrary weighing factor cA 
E degeneracy factor for considering only a sector 'DEG 
The parameter CA permits alteration in the partitioning of vapor production between 
bubbles and the ullage space. The degeneracy factor is an artifact which represents an 
axisymmetric container and void distribution as a degenerate sector of the cross section. 
In other words, only the evolution of voids in one degenerate sector needs to be consid- 
ered if all forces obey the same symmetry rules as the container and the voids do not 
outgrow this sector. The program uses CDEG to keep track of gas, liquid phase, and 
volume changes to insure the satisfaction of conservation requirements. 
2n 
- E Integer quantity 'DEG - Sector Angle (Radians) 
Observations of boiling due to pressure reduction indicate that existing voids in- 
crease appreciably in size and that some nucleation sites appear on the walls; however, 
there is no evidence that new bubbles are  created internal to the liquid phase providing 
that no incipients a re  present, e.g., gases in solutiqn, solid particles, and other con- 
taminants. The latter could be inputed as additional nucleation sites. 
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Liquid Energy Conservation and Level Determination 
The liquid phase energy conservation is defined by a differential first law energy 
equation. The pressure history is a given function of time (input). 
u - m  u + i ; ~ m ~ + i ;  6Q, = mA a fg 6mLV 2 42 a1 A1 
where 
E convective o r  conductive heat transfer to liquid (input per unit liquid 
height) 6 Q A  
6m = liquid outflow (input) 
FO 
Mass conservation yields, 
m - m  = 6mo+ 6mLV 
a 2 .  
Because of the arbitrary surface angle (function of time) and the various axisym- 
metric container configurations, the liquid level is calculated every time step by an 
iterative method. The convective or  conductive heat transfer to liquidis input per unit 
liquid height; therefore, the program explicitly calculates the feedback effect of changing 
heat input with liquid level. 
Summarv 
Equations (1) through (27) and attendant equations are  coupled together in Program 
EVOLVE to calculate each bubble lifetime and total liquid conservation for the axisym- 
metric container. The utility of the model is such that it has been applied to small life 
support system containers and to the large S-IVB propellant tanks. 
THE COMPUTER PROGRAM 
The computer program EVOLVE was initially developed under Convair IRAD funding 
(ref. 9) and provides predictive time-dependent definitions of the geometry of a gas 
(vapor)/liquid mixture in which bubble evolution is operating. In so doing, the program 
is designed to consider 1) populations of up to 1000 bubbles, 2) three-dimensional trans- 
port, 3) bubble generation from up to 100 sites at  varying bubble radii and frequencies, 
4) time-dependent surface orientation, and 5) time-dependent pressure history. 
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Input to computer program EVOLVE consists of five principal types: property data, 
liquid environment site data, geometry and thermal environment, and constants. The 
liquid property data includes the temperature/vapor pressure relationship, temperature - 
dependent properties of surface tension, viscosity, liquid and gas density, and liquid 
and gas specific energy. The pressure and gravity fields are specified as well as the 
liquid heating rate, liquid outflow rate, and plane angle of the surface. For  each site 
the x-y-z coordinates a re  required, the time that the site becomes actiye, and the size 
and frequency of bubbles generated as a function of time. A two-dimensional asymmet 
time-dependent temperature field can be specified. The vessel geometry is specified 
by a radius-height table. Constants include the drag relation specifications, initial 
liquid conditions, bubble wake and impact parameters, as well as other program factors. 
Operationally the program considers the time-dependent interactions of the bubbles 
with all others in the population in the three-dimensional environment representing the 
liquid. These interactions necessitate small time steps to model the discrete bubble 
interactions. The ability to consider 1000 bubbles from 100 sites produced as prescribed 
at time-dependent frequency adds to both versatility and complexity in the program. The 
consideration of wall or  screen interactions in variable geometry asymmetric containers 
offers increased utility. Precise modeling results from the inclusion of surface tension 
forces due to temperature fields e 'Energy balances account for  transport processes dur- 
ing bubble transient. 
The computer simulation EVOLVE has been used for simulation of the laboratory 
experiment using Freon 11 as the liquid. It has previously been used for  the sample 
case of the S-IVB at 3 x g. Running times for the low-g level cases increase ap- 
preciably since the time for  an equivalent number of bubbles to leave the system sig- 
nificantly increases e Typical computer time for a 150-second low-g problem with one 
site was 1/2 hour of CDC 6400. The program runs at one-tenth real time for a popula- 
tion of 10 to 20 bubbles. 
APPLICATION TO U S  DESIGN STUDIES 
Examples of the predictions of the macroscopic phenomena operating in bubble 
behavior which can be expected from the computer outputs are illustrated by figure 9. 
Additional predictions can be related to ffmicroscopicff (implicit) phenomena correlation 
(e.g, , bubble velocities, trajectories, and interactions) of a particular bubble. These 
outputs relate specifically to the '!Nucleate Boiling" experimental test model (ref. 1) 
and thus served as a guide to test planning but, as with the analytical model, the test 
model has addressed itself to phenomena, the understanding of which is basic to the 
analysis and, thus, design of many LSS processes, 
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Fixed Parameters: Site Density 
Frequency 
Example A .  Transient Void Fraction 
versus Time (t) 
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Example B. Steady State Void Frac- 
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Example C. Steady State Void Fraction versus 
Site Density-Volume Parameter (8 )  
Figure 9. - Typical Model Predictions 
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In spite of the fact that most designs attempt to avoid producing a multiphase fluid 
state flow whenever practicable because of problems inherent with its management under 
zero-g, there are many processes in e current and near-term future inventory which 
must accommodate phenomena in this category, either in their normal o r  degraded per- 
formance (failure) modes of operation. Examples of the existence of the phenomena 
explicitly o r  implicitly (dispersoid transport N bubble transport) treated by the analyti- 
cal model can be found in the following applications: 
LSS Function 
oxygen Supply 3* 4, 11, 12 
C02  Removal 15, 17 18 
O2 Recovery 
Water Reclamation 40, 47 38, 39, 41, 42, 43, 45 
Waste Management 74 68 
Urine Collection 78 79 
22, 23, 24, 27, 32 
Bathing ao, a i ,  82 
*Note: Refers to U S  Inventory Reference Number serial numbers of the 
LSS Process Identification Sheet specifically identifying the 
application. 
A specific example of the potential application of these phenomena can be given by 
an examination of design problems posed by the equipment concepts illustrated by the 
LSS/PIS equipment schematics for numbers 15 (Regenerable Sorption C 0 2  Removal Unit) 
and 17 (Electrochemical C 0 2  Scrubber). The design of item 15 must examine the method 
for steam generation (desorb cycle) and evaluate the applicability of the nucleate boiling 
mode, both as a primary mode and as an off-design contingency. The analysis would 
require that the designer be able to predict whether manageable bubble behavior could 
be anticipated or  whether the behavior would approach a homogeneous frothing configur- 
ation throughout the pool, The design of item 17 must determine the behavior of the 
product gas entrained in the water (scrubber) loop, Item 40 employs nucleate boiling 
in the primary evaporation mode and thus is in direct correlation with both the analytical 
and experimental data. Introduction of a i r  to and/or evolution of gases within the vari- 
ous storage tanks of the water management systems resulting either from normal or  
degraded performance, requires an understanding of bubble behavior to adequately pro- 
vide for its management in the resulting designs. 
Additionally, there a re  many elements of the study, both analytical and experimenta 
which have the potential of directly relating to phenomenological processes in other cate- 
gories. One such process is that of separation of the liquid and gas phases. Unsym- 
metrical heating (an experimental requirement f o r  this model) within the vessel can give 
rise to swirl patterns producing centrifugation and an accelerated bubble agglomeration, 
a major step in the inertial separation process. 
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EXPERIMENTAL EVA LUA TION 
Requirements 
An evaluation of the accuracy of the predictive aspects of the analytical model must 
include observations recorded against time, temperature, pressure and vessel orienta- 
tion : 
a. 
b. 
c. 
d. 
Bubble population and size versus number and patterns of active nucleation sites. 
Bubble velocity variations for  various wake conditions (generation frequencies). 
Bubble path variations with respect to variations in active nucleation sites. 
Agglomeration sate changes with variations in nucleation site patterns and bubble 
production rates. 
To increase the effectiveness of the experimental observations, the experiment 
design criteria should include the following considerations: 
a. 
b. 
C. 
d. 
e. 
Bubbles be of sufficient size that their shapes, volumes, and interactions effects 
can be realistically assessed by both direct observation and photographic exami- 
nation. 
Bubble generation frequency be controlled. 
Bubble rise (liquid) column height be such that the full scope of their interactions 
phenomena can be attained. 
Vessel to bubble(s) diameter ratio be such that bubble rise dynamics produce minimal 
disturbance in the overall pool volume. 
A liquid be used which minimizes the heat input requirements, thus minimizing 
temperature gradients within the pool. 
These criteria are  intended in part to provide high visualization of the phenomena 
under study, and in part to more nearly approximate bubble behavior in the prevalent 
LSS liquids (most often water) under reduced-gravity conditions. 
Description of the Experiment 
Major Goals 
Primary. - To determine if the analytical predictions satisfactorily approximate 
the actual behavior of the liquid/vapor interfaces in a boiling pool. 
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Secondary. - To add sufficient understanding of the actual behavior to correct and/ 
o r  augment the analytical model as originally developed. 
Tertiary. - To determine the differences between the behavior of bubbles formed 
by vaporization of the liquid medium and those formed by injection of a %oncondensable" 
gas. 
Principal Observations 
The patterns of behavior to be investigated and the characteristics to be experimen- 
tally assessed included: 
a. 
b. 
C. 
d. 
e. 
The configurations and the velocities, both vertical and horizontal, of bubbles rising 
through a pool at  a considerable .distance from each other and from the wall of the 
container. of particular interest were those bubbles large enough to be heavily 
distorted by the forces acting on them. 
The effects of proximity and bubble wakes on the configurations and velocities of 
bubbles rising with small separations : 
1. Between bubble and wall. 
2.  Vertically between bubbles. 
3. Horizontally between bubbles e 
4. Combinations of these. 
The bubble population character with respect to: 
1. Number and volume. 
2.  
3.  
The experimental variance, if any, which might be introduced by simulating bubble 
formation in the nucleate boiling process by controlled gas injection a t  the nuclea- 
tion sites. 
Effects on the large (top) liquid/vapor interface. 
Liquid circulakion in the pool for the conditions under b. 
The effects of higher levels of inertial acceleration than those imposed on the initial 
laboratory experiments if such appears necessary and feasible as a result of the 
experimental evidence in the initial observations of a through d. (Such a require- 
ment did not materialize e ) 
Test Apparatus 
The concepts relative to test apparatus requirements as illustrated in ETP 1 were 
subsequently modified in response to interactions between the on-going maturation of the 
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analytical and accompanying test design studies. The apparatus used in this experiment 
is shown schematically by figures 10 and 11 and pictorially by figure 12. Typical bubble 
patterns a re  shown by figure 13. 
METAL FRAME 
FOR WATER 
JACKET 
SIDE PANELS (4) 
PLEXIGLASS 
BUBBLE 
GENERATO@ .i
BUBBLER PLATE 
AND VAPOR TRAP (SKIRT)' 
WARM WATER 
8 INCH DIA X 18 GLASS JAR 
HARNESS 
\ INLET 
WATER 
/ 
I 
VAPOR TRAP VENT 
/AND HARNESS DUCT 
+WATER OUTLET 
. \STAND-OF+ 
I 
Figure 10. - Boiler and Water Jacket Assembly 
Water jacket and boiler assembly. - The boiler assembly was a standard laboratory 
cylindrical Pyrex jar approximately 8-1/4 inches in diameter and 18 inches high. The 
water jacket in which the boiler was installed served two basic functions. First, it pro- 
vided a stable, uniform, controllable heat source for the boiler. Boiler fluid tempera- 
ture was controllable within io. 05°C with a top-to-bottom temperature difference of no 
more than 0.1" C with very low convective circulation present. Secondly, its rectangular 
cross section provided a means of reducing the problems of obtaining reliable photographic 
data by providing a flat plate surface at  each of the four plexiglass side panels. The 
water jacket was approximately 12 by 12 by 20 inches, with the side panel frames con- 
structed of 1-inch aluminum angle mounted on an aluminum sheet stock base approxi- 
mately 1 inch thick. The latter was plumbed to provide for the controlled circulation of 
the heating water. Frame-to-panel and base sealing was accomplished by fabricated 
rubber gaskets augmented by a silicone RTV. 
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Figure 12. - Experimental Test 1 - Test Apparatus 
Nucleation site assembly. - The nucleation site o r  bubble generator assembly 
included : 
a. A circular base of aluminum sheet stock approximately 1/2-inch thick and 8 inches 
in diameter, the latter dimension allowing for clearance with the boiler wall. 
A set of eight nucleation sites, seven of which incorporated an individually control- 
led resistance heater (15 ohm), with the remaining site plumbed for introduction of 
a gas from an external source (routed through the vapor vent tube). 
A vapor vent system comprised of, 1) an aluminum strip extending around and 
protruding below the edge of the base, and 2) a metal vapor vent tube connecting 
the skirted area on the under side of the base to the atmosphere above the boiler 
pool 
A nucleation site heater harness which grouped the seven heater leads and provided 
routing through the vapor vent tube to the power source distribution box. 
b. 
c. 
d. 
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Figure 13. - Typical Bubble Patterns 
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Nucleation site heater control assembly. - The heater control assembly consisted 
of a distribution box, power amplifier, and function generator. 
The distribution box included eight 25-ohm variable resistors and bayonet junctions 
for  each heater lead. The power amplifier was an emitter-follower current amplifier 
incorporating a 30-Vdc regulated power supply. The function generator was a Hewlett- 
Packard 202A low-frequency function generator whose output had been modified with a 
half-wave rectifier. 
Instnimentation. - Instrumentation for this experiment was not extensive and in- 
cluded: 
a. 
b. 
Laboratory thermometer (mercury, 0 to 100°C, graduated 0.1' C). 
High-speed movie camera (Milliken, DB-4 Pin Registered, 16mm) and film 
analyzer (Vanguard, M-16). 
c. Scale: 
1. 
2. 18-inch steel drafting scale. 
3. 
Copper screen 2 by 18 inches, 18 openings/inch. 
Perforated metal, holes on 3/16-inch centers. 
d. Mercury barometer. 
e. Graduated cylinders, 10 and 25 ml. 
f .  Stopwatch. 
Working fluid. - Freon 11 was chosen as the working fluid rather than the some- 
what more attractive Freon 114 as initially intended, based principally on the fact that 
more complete characteristics data were available .thus providing higher confidence 
computer inputs earlier in the schedule. It should be noted that conventional sealing 
materials such as the silicone RTV's a re  soluble in the Freon fluids; however, epoxy 
conformal coating, Convair Specification 0-73040-1 (Hysol Company, El Monte, Calif - 
ornia, PC12-007) was found satisfactory and was used throughout the nucleation site 
assembly both as a sealer and to provide smoother (increased radius) contours which 
minimize vapor traps and thus unwanted nucleation sites e 
Test Procedures 
The unpressurized boiler (pressurization was eliminated as it was considered 
marginally productive in view of its complexity) combined with the precise controlla- 
bility of the pool temperature afforded by the water jacket assembly, greatly simplified 
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the test procedures. Test conditions were varied by changing any combination of the 
following experimental variables : 
a. Pool height. 
b, Pool temperature. 
c. Sites active. 
d. Heater current levels and pulse frequencies. 
Still further simplification resulted from the decision not to conduct tests a t  g levels 
greater than unity. This decision came about as a result of continued consideration of 
i ts  value against the early indications of the excellent results being, obtained from the 
exploratory runs under lg.  
Twenty-five data recording test runs were designed in which one o r  more of the 
following experimental variables was altered for each run in the range indicated: 
a. 
. b. 
e. 
d. Heater power (1.4 to 1.8 voltS/site). . 
Fluid temperature (23.5 to 24.0' C). 
Sites active (1 to 7 + 1, activation of the "noncondensable gas" site). 
Liquid column height, above sites (7 .9  to 8 . 5  inches). 
Chronology 
Test equipment design, fabrication, exploratory tests, and equipment improvements 
were completed in the period 1 May to 1 July, Data runs were initiated on 8 July and 
completed on 17  July. 
Test Data Summary 
Test conditions data recorded against the 25 runs are summarized by table 6. 
The films for these and previous exploratory runs a re  identified as follows: 
a. 
b. 
c. 
d. 
e. 
Photo Lab job number - 9078MP. 
Photo Lab job title - Nucleate Boiling. 
Photo Lab vault location - E-3-56. 
Photo Lab job date - 6/12/69. 
Individual reel numbers and information content. 
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Reel # 1. 
Reel # 2. 
Reel # 3. 
Reel # 4. 
6/16/69 - Preliminary investigations - system characteristics. 
6/19/69 - Preliminary investigations - boiling phenomena. 
6/19/69 - Preliminary investigations - miscellaneous. 
7/8/69 - Test data runs 1 to 14. 
Reel # 4a. 
Reel # 5. 
7/8/69 - Test data runs 1 to 14. 
7/17/69 - Test data runs 15 to 25. 
Reel 2 shows several cases of boiling phenomena in a superheated pool. The boiling 
is shown originating a t  the end of a glass rod inserted into the pool where temperatures 
ranged from 0.4 to 1.7" C in the superheat region. A small bubble initiated in this man- 
ner  at  the bottom of the boiler developed and fractured with almost explosive quality as 
the vapor mass rose through the pool. Development of such a superheat in a %lean" 
container was thus shown to be both possible and potentially useful o r  damaging depend- 
ing on the circumstances. 
Critique of the Test Design 
In general, the test was very satisfactory and can be recommended as a guide to 
future test designs in the area of bubble-behavior studies. However, several pros and 
cons of the major elements of the test design a re  worth discussing. 
Instrumentation 
The concept of reproducing the image of the bubble behavior on high-speed motion- 
picture film and subsequently obtaining measurements data directly from the films 
greatly simplified the design of the test apparatus, particularly its instrumentation and 
the execution of the test. However, unless at  leastdxvo synchronized cameras (90 de- 
grees apart) o r  an equivalent a re  employed, problems a re  introduced in estimating the 
fully developed, three-dimensional characteristic of the behavior e Additionally, a sig- 
nificant probability of measurements data inaccuracies relative to the dynamic aspects 
of the bubble behavior is introduced by the refractive characteristics of the liquid and 
the boiler walls combined with the view angle error  produced by the length of the verti- 
cal path through which the bubble moves. However, with adequate reference scales 
designed into the boiler, the magnitude of the measurements errors  can be greatly 
reduced and maintained well within the accuracy requirements of the experiment. 
Care should be taken to minimize the unwanted boiler heating which can be produced 
by the flood lighting required by the photography e Low-heat-producing lighting should 
be used wherever possible. 
57 
Problems were experienced in arriving at consistent estimates of bubble volume 
analysis. This was mainly due to the rolling oscillations of the spherical- 
cap bubbles in their rise through the pool. To overcome this difficulty, direct measure- 
ments of bubble volume were taken by inverting a temperature-stabilized 10-ml graduate 
in the path of a column of rising bubbles and averaging the resulting vapor void volume 
over the number of bubbles "captured. 
Process Apparatus 
The nucleation site and heater input control assemblies were satisfactory and would 
be considered for any future laboratory testing. No problems other than those related 
to sealant compatibility were experienced with the choice of Freon 11. 
Procedures 
Care needs to be taken to assure that the fluid is essentially free of contaminants 
to avoid producing bubble behavior which is not characteristic. Ten to 15 minutes of 
gentle boiling was found sufficient to produce a steady-state boiling characteristic as a 
result of vaporizing the fluid contaminants present following a boiler refill. It is ad- 
visable not to return the boiler fluid to the new-fluid-supply vessel, although it can be 
stored in a separate vessel and reused as determined satisfactory. 
Correlation of Analvtical and Emerimental Data 
Data evaluation and correlation were accommodated by program EVOLVE. A set 
of observables was established prior to the experiment which represented the physical 
characteristics of the experiment and which were included in the program. Bubble vel- 
ocity, production frequency, volume, and agglomeration were required. In addition, 
qualitative evaluation of the effects of electrical power input, condensable o r  noncon- 
densable wall proximity, and pool turbulence was observed. 
The experimental objectives which were derived from the previously mentioned 
observables were defined a priori and in'cluded various particularized parametric in- 
vestigations; these were the magnitude and character of the bubble wake, the merit of 
existing drag coefficient data, and agglomeration evaluation e Such parameters repre- 
sent the flmicro" structure of the physical problem of bubble population evolution. 
Velocity Observations 
Bubble velocities were determined using the Vanguard M-16 film analyser. Figure 
14 illustrates this technique. The spatial history of a bubble from evolution until break- 
ing the surface can be traced. The time derivative results in bubble velocities. Results 
for bubble velocities were sufficiently reproducible to support the analytical investigation e 
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FREQUENCY (sec-l) 
Figure 14. - Predicted VersusExperimental Data - Effect of Wakes 
Bubbles originating from a single site at  various frequencies formed the data spec- 
trum. Tests 1 through 4 provided frequency data in the 1.85 to 12.2 sec'l range. To 
establish a responsible representation of data, several bubble-velocity measurements 
were taken for each test run. A particular measurement is the average of the individual 
bubble's velocity during its total traverse to the surface. Data scatter is illustrated in 
figure 14 as a bracket relative to the predicted value from EVOLVE. No attempt was 
made to establish statistical averages and deviations since the total sampling was small 
(< 10 per frequency). Each film evaluation is extremely time consuming. 
Velocity was a monatonically increasing function of frequency up to the point of 
agglomeration. The velocity range, 0.5 to 0.75 ft/sec, is illustrated. If the liquid 
medium were an ideal fluid, no viscosity, the bubble velocity would be independent of 
frequency. The strong velocity dependence is due to the viscous nature of the liquid, 
i . e. , the wake effect. 
In the velocity correlation using program EVOLVE, it was discovered that the initial 
drag coefficient specification was not appropriate. A reinvestigation of the current lit- 
erature supported this presumption and resulted in the new drag coefficient definitions 
previously discussed under Single-Bubble Dynamics. The transition region was not 
adequately considered in a reference previously used and an empirical f i t  to data in 
ref. 5 was developed. The result was excellent correlation with the experimental data 
obtained in the Freon 11 test, Correlations for  the situations of wake and no-wake 
effects a re  illustrated. Figures 15 and 16  show the wake velocity with experiment cor- 
relation. This obviously important aspect of group bubble motion has not been consid- 
ered in the past. 
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average velocity 
frequency ) a  The frequency coordinate is a measure of the interbubble distance (- 
Figure 1 6  illustrates the strong change in wake velocity with interbubble distance. The 
cutoff a t  frequency of about 0 . 6  corresponds to a height of about 0.8 feet which was the 
liquid level above the bubble generator; below the cutoff only a single bubble existed in 
the pool at any time. Frequencies above 7 sec'l resulted in agglomeration. 
F requen cy Ob s e rva ti ons 
Bubble-production frequency was also established using the film analyzer. Several 
production periods were used in obtaining the final value for each run. The frequency 
was remarkably constant for the total run time. Correlation of frequency versus elec- 
trical power input was excellent except for low frequencies (< 1 sec-l) as is illustrated 
in figure 17. 
POWER (watts) 
Figure 17. - Bubble Frequency Versus Power Input 
Bubble -Volume Observations 
Bubble-volume measurement was a difficult and critical item to obtain. The effec- 
tive diameter of the bubble is an important parameter entering into all dynamic calcu- 
lations. Therefore, three distinct methods were used: electrical power dissipation 
(carbon resistor element), film analysis, and bubble collection. 
The first method appeared to be useful after observing the reasonable frequency/ 
power correlation. However, at  low frequencies the relationship deteriorates, and i t  
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did not agree with other more reliable measurements. The effective diameter was 
0.0197 feet, 
The second method, better than the first, was tedious and suffered from two major 
anachronisms. The bubbles were not spheres and, therefore, had multiple dimensions; 
the resolution of the photography at  that level was in doubt. Table 7 illustrates the 
variations obtained with this method. Also, it  is evident that only two-place accuracy 
is available (from columns 2 and 3). The range in effective diameter was 0.0113 to 
0.0196 feet. 
The third method was chosen to determine the bubble volume, crude in nature but 
totally reliable. Separate samples of 106 and 66 bubbles collected in an inverted 10-ml 
graduated cylinder yielded identical results of 0.0158-foot effective diameter. The rapid 
evolution rate required the sample size to be determined from film data. This result 
was used as input to EVOLVE. 
’ 
Table 7. - Bubble Volume Calculations from Photographic Data 
Height Width Volume Diameter 
1-1 37 79 1.29 e0135 
1-lA 33 70 099 .0124 
1-2 41 6 8 .  1.24 eo133 
1-2A 26 90 1.29 e0135 
1-3 57 103 3.72 00192 
1 - 3  33 140 3 e97 .0196 
3-2 26 68 e 7 5  .ou3 
3-1 36 89 1.76 e0150 
3-3 34 88 1.61 .OX45 
3-4 39 78 1.46 e0141 
3-4A 34 90 1.69 eo148 
3-5A 27 74 e91 e0120 
3-5 36 71 1 e l l  .Ol28 
3-4 23 84 le06 .OU6 
Notes: 1, 1 and ZA, et  cetera, are same bubble at two times. 
Three bubbles were obse ed at one frame i n  Ihan 1, 
sfr in  Run 3. 
100 units = .0245 feet 
2. 
3 . 
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Agglomeration Observations 
Agglomeration was investigated by activating two sites, 1/2 inch apart, at slightly 
different frequencies. The effects of the two-dimensional character of the bubble wake 
were thusly observed. Film analysis of Run 5 provided the single-event data for program 
correlation. The two columns of bubbles were in a steady-flow configuration with a rel- 
ative distance phase between columns. The sequence of agglomeration is illustrated with 
two selected frames from Run 5,  figure 18. The lead bubble is in advance of the trailing 
second column bubble by 0 .135  second, the two moving at 0.530 ft/sec and 0 .643  ft/sec 
respectively. After 0 . 7 4  second, the agglomeration occurs e 
The program simulation gave a velocity range of 0 .533  ft/sec to 0 .644  ft/sec for 
leading and trailing bubbles. An agglomeration did not occur for direct simulation; 
however, the two bubbles came within a bubble diameter of each other. Applying a 
flattening correction to simulate actual deformed bubble geometry causes an agglomer- 
ation to occur since the bubbles are not spherical. Flattening and slight bubble trajec- 
tory oscillations enhance the agglomeration process. Program EVOLVE accommodates 
this correction in the impact parameter input. 
Experimental evidence and visual observation support the program model for agglo- 
meration and the two-dimensional nature of the bubble wake; e.g., it is observed that 
the trailing bubble moves into the shadow of the wake and accelerates toward the lead 
bubble resulting in coalescence. (Reference film record of Run 5 . )  
Qualitative Observations 
Various qualitative observations were noted during experimental operation. The 
phenomena provide possible areas for future investigation but were not within the scope 
of the present study. 
The condensable/noncondensable relation was modeled by a single air-injected site. 
It was not possible to obtain bubble sizes comparable to the condensable site generation; 
the noncondensable a i r  site provided larger bubbles. Therefore, a velocity comparison 
was not possible. 
Activating all sites at high frequencies developed major convection paths in the 
liquid and increased turbulence levels. Turbulence affected the individual bubble sta- 
bility, tending to fraction and mutate the larger bubbles. The large convection modes 
disturbed bubble motions in the vicinity of the container wall. The indication is that for 
active pool populations, liquid velocity fields should be considered and an input to 
EVOLVE is currently available for these data. 
No bubble adherence to the wall was observed and bubbles appeared to be unaffected 
by wall proximity except in the large convection situation. 
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Frame A Frame B 
Frame A shows two bubbles rising from adjacent sites. Frame 
B illustrates the effect of the lead bubble wake on the rise path 
of the second bubble, subsequently resulting in agglomeration. 
Figure 18. - Photographic Data - Measurement of Wake Effect 
Conclusions which can be drawn from the correlation of predictive and experimental 
data include (see ref. 10): 
a. Program EVOLVE provided excellent data correlation and contains the physical 
essentials necessary to model the process. 
An adequate drag model has been incorporated in EVOLVE; however, additional 
correlation with various fluids is warranted. 
b. 
c. The inclusion of wake consideration is necessary and quite important; the EVOLVE 
wake model gives excellent correlation. 
Agglomeration and two-dimensional aspects of wakes are  significant; the EVOLVE 
program provides excellent correlation and description. 
d. 
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e. 
f .  
1. 
2. 
3. 
4. 
5. 
6. 
7. 
8. 
9. 
Additional work is required in investigating the condensable/noncondensable 
problem and large convection-motion fields e 
Low-gravity testing is absolutely necessary to provide general technical confidence 
in the applicability of existing dynamic data, e.g., drag coefficient., Program 
EVOLVE provides an immediate and capable instrument for data correlation of 
low-g experiments. 
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ANALYTICAL MODEL NO. 2 - "DIFFUSION CONVECTION" 
An analytical model has been developed which describes the phenomenological be- 
havior which characterizes a process stream in which diffusive and convective mech- 
anisms dominate a humidification/dehumidification process e The model considers the 
effects on the predicted 'performance" resulting from variations in such parameters as: 
a. Gravitational field. 
be  Concentration field. 
c. Velocity field. 
d. 
e. Temperature. 
f .  
Diffusion coefficient for the vapor present. 
Physical dimensions of the system. 
Solutions for two conditions a re  presented, one where the concentration varies 
over a small portion of the channel width (herein called Case 1) and another where the 
concentration varies over a large portion of the channel width (herein called Case 2). 
Case 1 utilizes a similarity solution to incorporate velocity variations and is appropri- 
ate only to boundary layer changes, e.g., systems with very low efficiencies, 
. Case 2 employs separation of variables and an eigenvalue solution 
C 'initial - final 
(c - c  initial surface 
series to give a description of major concentration variations and to cover the total effi- 
ciency spectrum. Additionally a discussion is presented of closely related phenomena 
involving gravitational effects on dispersoid o r  suspension flows, e.g., water droplets 
in air ,  carbon particles in air. 
The model is s o  designed as to be of potential value in the analytical phases of the 
design of LSS equipments which either directly involve o r  interface with the humidifica- 
tion/dehumidification process, In one form o r  another the humidification/dehumidifica- 
tion process is the most prevalent of all processes in the current and near-term LSS 
designs. Prior analyses have shown that the process appears at least once in more than 
50% of the LSS equipments involved. In addition, principally due to the inherent existence 
of the liquid/gas interface accompanying this process, it has proven to be one of the 
most difficult to manage in the "absence" of a significant (resultant) gravitational field 
typical of the major portion of the flight regime for manned spacecraft. 
Table 8 gives the nomenclature with subscripts for the diffusion-convection calcu- 
lations. 
66 
Table 8. - Nomenclature for Diffusion- 
Convection Calculations 
NOMENCLATURE 
K 
h 
C 
P 
D 
X 
Y 
a 
€3 
P 
T 
V 
Boltzmann constant 
channel height 
concentration f i e l d  
density 
diffision coefficient 
direction mrmal to flow 
flow direction 
length in flow direction 
magnitude of inertial acceleration 
pressure 
temperature 
velocity of bulk flow field 
SUBSCRIPTS 
E exit 
0 initial  
W surface or w a l l  
DESCRIPTION OF THE MODEL 
The two-dimensional humidification/dehumidification problem is a balance of diffu- 
sive and convective mechanisms. Many effects complicate the attempt at  an analytical 
solution: turbulence, multicomponent diffusion, multiprocess diffusion (thermal diffu- 
sion), and gravitational separation. In turbulent flow, normal diffusion no longer exists 
and turbulent (eddy) diffusion occurs. Multicomponent diffusion is considered when the 
components have concentrations of the same order of magnitude. Thermal diffusion is 
important only for very large temperature differences as the coefficient for gases is 
about two orders smaller than the molecular diffusion coefficient alone e Gravitational 
separation is related to the ratio of gravitational potential energy to kinetic energy of 
the gas, (AP)g/KT. 
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For life support systems, single components may be considered (concentration of 
water vapor <lo%); also, laminar flow is usually present. Temperature gradient and 
magnitude are such that thermal diffusion and concentration Stratification a re  negligible. 
The major gravitation effect for diffusing gas systems is the onset of turbulent instability 
due to adverse temperature gradients 
in AMR No. 5 and is applicable to the problem being considered here. The secondary 
problem of separation is not important for air/water-vapor mixtures, but is of interest 
when droplets are present. A subsequent section titled GENERAL INFLUENCE OF IN- 
ERTIAL FIELDS contain8 an analytical discussion concerning suspension flows and ex- 
plicitly incorporates inertial field effects. 
The forced-to-free convection transition is treated 
Diffusion in a convective medium is given by 
4 2 DV c = (V ~ V ) C  
The two-dimensional configuration is represented by 
4 
V 
__I_c 
h 
X 1 
Equation (1) becomes, 
In most situations, co-current and counter-current diffusion may be neglected; this 
is determined by 
where 
R I characteristic length in y direction, 
The diffusion coefficient f d r  water vapor in air is given by, (ref. 1) 
2,334 
D = 4.4 x ($ ) cm2/s 
where the temperature ,is in OK and pressure in atmospheres. 
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Equation (2) reduces to, 
Solution to equation (3) for a semi-infinite medium can be obtained by similarity 
methods (ref. 1) with the convective velocity a function of x; this approach is reasonable 
when the concentration gradient occurs over a dimension which is small with respect to 
the channel width, h (Case l), i. e . ,  boundary layer diffusion. 
Define a new variable, q, and dependent variable, f (q), such that, 
c - c  
c - c  
W 
o w  
= f(q) 
1/3 -1/3 
q = ’ B  X Y  
C = concentration at  wall 
W 
C E initial stream concentration 
0 
v(x) E a x linear velocity distribution (next to wall). 
Equation (4) satisfies equation (3), 
Equations (5) and (6) combine to give, 
(4) 
a 
9D 
p = -  
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The boundary conditions are, 
f(") = 1 at q =  CD 
f(0) = 0 at q =  0 
The mass flow rate for the entire surface is given by, 
L 
M=+pDB( (") dy 
x=o ax 
1. /3 
M = 1.68D (C - Cw) (BL)p (&) 
0 
where 
B = depth of surface 
L 3 length of surface 
a = -  - for laminar flow (fully developed) between parallel plates 
p~ viscosity 
-h dP 
2cL dY 
dP - pressure gradient 
dY 
For general v = a s ,  equation (7) holds with 
n+2 
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The exponent 
to x, 
is restricted by the existence of the first derivative of ?with respect 
m = n + 2  
The concentration field is given by, 
The surface mass flow rate is, 
m DL 
where 
I' E gammafunction 
n-1 -x 
r(n) = f x e dx 
0 
The solution for Case 1 has limited applicability since i t  is appropriate only to very 
low efficiency situations. It was developed, however, to  describe the boundary layer 
diffusion process. 
For  situations where the concentration varies over a major portion of the channel 
width (h), herein referred to as Case 2, equation (3) becomes a boundary value problem 
and is solved by separation of variables and an eigenfunction series in the eigenvalue &, 
n=O 
with boundary conditions 
y = o  c = c o  h s x < O  
c = c w  x = o  
c = cw h s x s  0 Y " 0 "  
The second boundary condition implies 
n=l 
The first boundary condition is represented by 
Equation (14) is readily solved only for v(x) = vo, a constant. Functions %(x) are  peri- 
odic about x = 0 with fundamental wave length 2h. 
nlrrx s(x)=Sin-- 2h n = 1, 3, 5 . . . 
Equation (14) implies, 
.2 2 D n  f l  
x n = 4  h2 vo 
Using the orthonormality property of the sine function and equation (16), the following 
equation results 
h 
-h 
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n =  1, 3, 5, .... 2(C, - CW) 
n n  
4h' vo sin n n x  
e 2h  C(X,Y)-Cw = 
n c o  - c w  n n=1, 3, 5 , .  . . 
Mass flow rate is given by 
The average exit concentration is given by 
2 2  Dn n L 
The efficiency is defined by 
- 
'0 - 'E / 'Initial- 'Final \ 
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00 4 h2 vo 
8 e 
2 2 7T n=1,3,5 n 
c = 1 - -  
Equations (18) through (20) a re  solutions for  equation (3) with constant velocity. A vari- 
able velocity profile, e. g., parabolic laminar, could be used with equation (3) to generate 
another solution set by using Green's function integral methods to solve the Sturm-Liou- 
ville system of equations; however, this is somewhat complicated and the test results 
indicate that this correction is not required. 
THE COMPUTER PROGRAM 
A computer program has been developed to provide a tool for economical execution 
of the computational tasks associated with use of the model. The program is based on 
equations (17) through (20) (Fortran IV) and designed for  the CDC 6400 computer. 
GENERAL INFLUENCE OF INERTIAL FIELDS 
A particular form of two-phase flow is that of a solid particulate suspension in a 
gas. The term suspension is related to the small-volume fraction of solid and to the 
characteristic of spatial evolution which is statistically influenced (influenced by colli- 
sional ineractims). For isotropic-kinetic velocity distributions, the spatial evolution 
of the suspension is prescribed by the diffusion equation. 
In many instances the particles are  of macroscopic dimensions and, therefore, 
affected by inertial fields. The flux of particles is given by 
+ 
;= - pDVc + p c  b f 
where 
b? E velocity due to inertial acceleration (assumed terminal) 
f" E inertial field, e.g., gravity, centrifugal 
b I mobility coefficient 
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The conservation of mass for the particle population is written 
a c  -, v* j- - + v . v c = - -  
a t  P 
Equation (22) contains explicit dependence of the distribution on the carrier (gas) stream 
velocity, v. 
time-dependent, spatial distribution of particles (since the gas stream in most cases is 
subsonic , the fluid is considered incompressible) .' 
4 
Equations (21) and (22) combine to give the constitutive relation for the 
4 3  
- = D O  a c  2 C -  ( b f  + V )  .V@ 
a t  
For the situation of steady flow, equation (23) is 
4 4  2 DV c = @ f  + v ) . V c  
A classical physics problem is contained in equation (24) without carr ier  velocity. The 
equation v2 c =  @/D) f" .Vc is used to obtain the Einstein relation, D=KTb, for the dif- 
fusion constant. Solution to this equation is 
where 
4 -vu = f 
For a Maxwellian vc*xity distribution, therrna, equ 
ficient in equation (25) is the Boltzmann factor 
e -(u/KT) = e  -@U/D) 
which implies the Einstein relation 
D = KTb 
librium, the exponential COE 
where 
K E Boltzmann constant 
1 I 
b s- 
6~ q R  
q E gas viscosity 
R 5 particle radius 
for low diffusion velocity (Stokes flow past a sphere) 
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Equation (24) is re-written 
v c =  (6. - 4 &) .vc 
The relative importance of inertial field (e. g. 
represented by 
gravity) diffusion over convection is 
1.' 1 1 
The extent of inertial field stratification is indicated by 
For water droplets in air at  15°C and earth's gravity 
- R3 (4 x 
NS 
A two-dimensional example illustrates a method of solution. Consider the flow in a 
two-dimensional channel with the inertial normal to flow. 
t 
h 
1 
2 2 a c  a c  f a c  v a c  
2 2 KT ax bKT ay 
a x  ay 
- + - = -  -+-  -
"Y 1 
X 
In most convection problems 
which states that diffusion in the flow direction is negligible, resulting in 
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Solution to equation (29) is of the form 
n=l 
where 
q = 0  d m  2 - + A n  d2 r n  f 
dx 
--- 
2 KT dx 
The functions, r , are of the type n 
where CY is in general complex 
2 fa 2 
CY - = + A n = ( )  
The coefficients, h, and exponents, X n ,  are  obtained through integral transformations 
of the boundary conditions 
c (x, 0) = 
c (x, CO) = c (x), steady state, final 
(x), steady state, initial 
The steady state solution is obtained from 
d2c f dc 
2 KT dx 
dx 
-- --- 
KT C (x), = co e 
c (x)= = c 
W 
fx 
KT 
- 
e 
An application of this approach is the water droplet transport and separation system. 
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Flow through a straight conduit with an inertial field has been discussed two-dimen- 
sionally (the three-dimensional problem associated with rotating flow in a cylinder is 
similar but algebraically more difficult). The flow around a corner can be handled easily 
considering the radial dependence of the velocity (gas) field and the inertial field including 
the centripetal acceleration. Flow in the heat exchanger region will be perturbed due 
to the local temperature gradients 
D = K T b  
2 '  V. @ V c ) = D V  c + V c . V D  
V. ( D V c ) = D  ( v 2 C + V c  . V h  T) 
Equation (27) becomes, 
(32) 
(33) 
APPLICATION TO ISS DESIGNS 
The analytical model relates directly to several ISS processes and indirectly to 
most, the principal exception being those processes employed for Subsystem VI1 - 
Sanitation and Hygiene. 
Although the model o r  portions of i t  are relatable to virtually all processes involving 
the mechanisms of humidification/dehumidification, possibly the most directly recogniz- 
able relationship exists with a system similar to that described by reference 2. 
The subtle but inextricable relationship between the basic mechanisms of dehumidi- 
fication and the characteristics of the mechanizations for  their execution are  emphasized 
by a comparison of the nature of the analytical model and the equipment concept for the 
experimental model (ref. 3). The analytical model treats the diffusive-convective mech- 
anisms, the humidity and velocity profiles, and the mass flow rate(s) - the essential 
elements of the process, and does so with respect ta the influences of variations in the 
forces involved. However, full mechanization of the process for operation under zero-g 
has added the liquid/gas interface control and separation-transport processes in the form 
of the capillarity of the porous cold plate and water transport circuit. The stabilizing 
mechanisms for  the liquid/gas interface provided by the porous plate, unlike the diffusive- 
convective mechanisms, a re  highly sensitive to the magnitude of the inertial acceleration 
vector and thus, potentially at least, may result in alterations in the mass flow rate, 
essentially an alteration to the process itself. The examination of the exact nature of this 
interaction is considered more appropriate to the experimental portion of the investigation, 
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at least in the initial stages. Specific examples of their appearance as relatable phenom- 
ena can be found in the following applications which have been identified by their LSS 
Process Identification Sheet number. Additionally, the processes have been listed (some- 
what arbitrarily) under one of two categories relating to the degree to which the process 
under investigation related to the primary process functions of equipment. 
ISS Function 
supply 
(and Recavery) 
Process Identity 
Principd supplemental 
7, 8, 9, 10, u, 
27, 28, 32 
4, 21, 36 
12, 22, 2Y, 24*, 
Water Reclamation 38, 39, 40 41 
m, 43% 45, 46 
Humiaity Control 61, 62,'63 
Bathing 8 s  
*Process varies fran that describk by the analytical model but not 
.necessarily from the eqerimental investigation I- example: most C02 
removal humidification andJor dehumidification occurs undm turbulent 
flow (eddy diffusion) conditions. 
E XPE RIMENTA L EVALUATION 
Reaui rements 
An evaluation of the accuracy of the predictive aspects of the analytical model should 
include the following observations against each condition in a set of steady state condi- 
tions : 
a. 
b . Static pressures. 
Temperature and humidity profiles e 
c. Stream velocity profiles. 
d. Water exchange rates. 
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The experiment design should be such to include an examination of the potential 
effect on the model parameters of various levels of inertial acceleration on the nature 
of the liquid/gas interface being maintained by the porous-plate capillarity and gas-to- 
liquid stream-pressure differential. Analysis of the experimental data may lead to 
altering and/or augmenting the analytical model in this area. 
Description of the Experiment 
Major Goals 
Primary. - To determine if the analytical predictions satisfactorily approximate 
the actual characteristics of the diffusive and convective mechanisms operating in the 
humidification-dehumidification process within a controlled gas stream. 
Secondary. - To add sufficient understanding of the actual characteristics to 
correct and/or augment the analytical model as originally developed. 
Tertiary. - To determine the effects, if any, on water removal rate of changes in 
the pressure differential across the porous plate. 
a. 
b. 
a. 
b. 
C. 
d. 
e. 
Principal Observations 
The experimental observations required included: 
Humidity content of the air stream. 
Water-exchange rates. 
The experimental variables to be programmed ‘against these observations included: 
Air-flow rate. 
Porous-plate pressure differential. 
Plate temperature. 
Air -flow characteristic. 
Porous-plate (channel) orientation to the local gravity vector e 
Criteria for  Test Model Design 
The test model and its supporting apparatus were designed under the following 
criteria. 
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a. 
b. 
C. 
d. 
e. 
f .  
g. 
h. 
Produce an a i r  flow within a channel with a range of steady-state-flow set points 
in both the laminar and turbulent regions. 
Produce a means of controlled heat exchange between a given length of one wall of 
the channel and the a i r  stream required to support either humidification o r  dehumi- 
dification of the stream under varying stream inlet conditions . 
Provide a means of directly measuring both condensation and evaporation rate in the 
heat exchange section. 
Provide a means of measuring humidity concentrations both upstream and down- 
stream of the heat exchange section. 
Provide a means of varying the humidity concentrations a t  the inlet to the heat ex- 
change section. 
Construct the channel-installed, humidification/dehumidification water exchange 
component(s) in a configuration which provides as high a probability of successful 
operation in the zero-g environment as is possible. 
Provide a means of visually monitoring as many of the potentially observable char- 
acteris tics of the humidification/dehumidification as possible. 
Provide for maximum utilization of the test equipments in subsequent experiments 
as  an aid in experiment integration during the flight experiment phases of model 
evaluation. 
Test Apparatus 
The apparatus is shown schematically by figure 19 and pictorially by figure 20. 
1. Blower & Flow Controls 
2. Plenum Chamber 
3.  HumidiQing Maze 
4. Humidifying Mixing Circui t  
5. Flow Channel 10, Instrumentation 
6.. Porous P la te  & Water BOX 
7. Water Circulation Circuit  
8. Temperature Control 
9. Instnunentation Chamber 
P la te  A P and 
Figure 19. - Test Rig Schematic 
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Air-stream control assembly. - The air-stream control assembly consisted of the 
following components: 
a. Blower. 
b. Plenum chamber. 
c. Humidifier. 
d. Air-flow control. 
The blower was a Dayton, Model 2C570, with a modified (restricted) single side 
inlet. 
The plenum chamber was fabricated from two metal drums attached end-to-end and 
coated with corrosion-resistant paint. This provided a chamber volume of approximately 
13.3 f t3  over an inlet-to-outlet distance of approximately 5 . 7  feet. The exit end of the 
chamber was removable (typical drum top peripheral-over-center compression-ring 
clamp). An adapter section was incorporated into the exit end of the chamber to facil- 
itate 1) channel inlet instrumentation mounting, 2) channel attachment, and 3) minimum 
disturbance in the transition from plenum to channel stream velocities. 
The humidifier assembly consisted of a wetted maze covering the full cross section 
of the plenum chamber in a plane normal to the longitudinal axis of the chamber. The 
maze material was Scott Industrial Foam (97% void open cell, 20 cell/inch, urethane) 
configured as a circular disc approximately 2 inches thick with a diameter matching the 
ID of the chamber. The disc was supported across the chamber by several plastic- 
coated wires extending through the walls of the chamber fore and aft of the maze. Warm 
tap water was metered to the maze at a temperature and rate set by the operator. A 
drain was provided for maze overflow. 
Air-flow control capability was provided by 1) restriction of the blower inlet with 
a plate which could vary the effective inlet area from 0 to 12.6 in?, and by 2) altering 
the setting on a butterfly valve in a 12.6  in? circular cross section vent pipe mounted 
on the inlet end of the plenum chamber. 
A i r  flow was provided in a controllable range from less than 1 ft/sec to well above 
100 ft/sec with the 1 inO2 cross-section channel. 
Flow-channel and test-section assembly. - The detail configuration of the flow- 
channel assembly was influenced by a requirement that it be usable for subsequent 
tests; however, no major functional limitations resulted from this requirement. The 
flow channel was formed by two 6- by 84-inch parallel plates, one aluminum and the 
other lucite, attached at the sides by a 0.2- by 0.5- by 84-inch lucite strip for one 
series of runs and a 1.0-  by 0.5- by 84-inch strip for a comparative series. A smooth 
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transition from the plenum chamber to channel was accomplished as shown in figure 21. 
Also shown is the instrumentation (expansion) chamber at the channel outlet and the two 
porous plate/waterbox cutouts. The two cutouts for the porous plate provide a potential 
for  test under two levels of flow development, one close to the inlet and the other suffi- 
ciently downstream from the inlet to provide a high degree of flow development. 
The test section comprised the porous plate/waterbox assembly and the area of the 
channel in the vicinity of the porous plate installation. The porous plate/waterbox as- 
sembly was mounted in the channel cutout with the. exposed surface of the porous plate 
flush with the surface of the metal plate which formed the base of the channel. Sealing 
of the clearance between the channel and the porous plate/waterbox was accomplished 
with nonhardening plastic sealing compound (Johns-Manville DUXSEAL). A metal cov- 
erplate was placed in the unused channel cutaway. 
The porous plate material was the Union Carbide Corporation, Stellite Division, 
NR-30 porous metal stock (nickel, 0.007-inch thick, 0.30-void fraction, and 2.9-micron 
mean pore diameter). An initial stock of the material was obtained from surplus at NASA- 
LRC with supplemental purchase from Union Carbide. 
The waterbox was constructed of plexiglass to provide visual observation of both 
the quality of flow from the water-flow circuit and the quality of l!operationfl of the porous 
plate. The details of the structure a re  illustrated by figure 22. Water-flow velocity at  
the surface of the porous plate was approximately 4 to 6 ft/sec to provide sufficient heat 
transfer rates under the limitations imposed by the ice bath cooler chosen for its econ- 
omy to the program. 
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Figure 21, - Channel Assembly 
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Figure 22. - Waterbox Assembly 
Several methods were investigated for attaching the porous plate to the waterbox and 
providing the necessary a i r  (water) seal. Although various permanent attaching methods 
were investigated, including silver solder, heliarc, and electron-beam weld, the latter 
found by NASA-LRC to be most satisfactory, i t  was decided that a rapid remove-and- 
replace capability was highly desirable for an experimental program; thus a temporary 
attachment method was employed. Zinc chromate "Duct Seal" was found entirely satis- 
factory once a good seal was formed and a hold-down force provided by a waterbox pres- 
sure lower than channel pressure, a condition attainable with water-circulation circuit 
in operation. 
Heat-and-water exchange circuit. - The heat-and-water exchange circuit shown in 
figure 23 provided both the cooling flow for the condensing mode and the heated flow for 
the evaporating mode. In addition, the circuit was so constructed as  to both continuously 
collect and measure the condensate being drawn through the porous cold plate o r  provide 
a continuous and measurable flow of water to the porous plate during evaporation. Major 
components of the circuit were: 
a. Waterbox (previously discussed). 
b . Water circulating pump. 
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Miscellaneous valves. 
Air-purge pump. 
Purge water/air separator. 
Water circulation was maintained by a centrifugal pump (Oberdarfer Model 5168, 
2.5-inch impeller, 3/4-inch inlet modified for reduced pressure drop, 1/2-inch out- 
let, carbon face seal, 3450 rpm). The reservoir was a 4000-cc Erlenmeyer filtering 
flask with two standpipes extending through a secured stopper and well below the reser- 
voir water level. The inlet pipe discharge was bent to maintain rapid rotation of the 
water to promote entrained air separation. The output pipe inlet was bent into the flow 
of the swirl to promote smooth pickup. 
Reservoir atmospheric venting was effected through the filtration fitting. Reser- 
voir pressures below atmospheric were effected by a crossover circuit to the air-purge 
86 
vacuum circuit and above atmospheric pressure by a tie-in to the shop air  supply. The 
reservoir provided for both air/water separation prior to circulation through the porous 
plate waterbox and measurement of the weight changes of the reservoir water, i. e. , 
weight loss during evaporation and weight gain during condensation. 
Plate cooling was provided by directing the circulating pump output through a copper 
tubing coil immersed in an icewater bath. Plate heating was provided by directing a 
portion of the pump output through an in-line heater constructed from two rod heaters 
(1 kW each) in either end of a 1-inch pipe. 
An air-purge circuit comprised a heavy-wall laboratory bottle, vacuum pump, and 
valving and provided an air-purge capability for  the water circulation system as might 
be needed at start-up following circuit modification or as a result of plate breakthrough. 
Instrumentation. - The major components of the instrumentation employed for the 
data runs included: 
a. 
b. 
c. 
Laboratory mercury thermometers (including wet bulb wicks). 
Casella dew point apparatus (modified). 
Water manometer and orifice set. 
d. Mercury manometer. 
e. Triple beam balance (modified). 
The mercury thermometers were used to measure channel inlet and outlet dry-bulb/ 
wet-bulb temperatures and waterbox-outlet temperature. The latter was permanently 
installed in a water line fitting, while the former were inserted into the air  stream 
through holes drilled immediately upstream of the channel inlet and a t  the instrumenta- 
tion expansion chamber at  the channel outlet. The thermometers were held in place and 
holes sealed with nonhardening plastic sealing compound. 
The Casella dew point apparatus, a manually operated, visual dew point hygrometer, 
was selected due to its relatively consistent correlation with the dry/wet bulb technique. 
The instrument was modified for increased accuracy and response by substituting a re- 
sistance thermometer attached to the back of the condensing plate for its original mer- 
cury thermometer. Sample ports for the instrument were located adjacent to the mer- 
cury thermomete r ports. 
Channel a i r  flow was calculated from pressure drop measurements obtained with a 
water manometer (Charles Meriam ‘Company, Model 34EH10TM, scale vernier in 0,0001 
psi) and the appropriate sharp-edge orifice from a set  with individual orifices ranging 
in size from 0.1  to 1.0-inch diameter. 
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Waterbox pressure was determined from a locally fabricated mercury manometer 
which registered 'pump suction" in inches of mercury at the outlet of the waterbox as 
sensed through a water column to the manometer. Changes in reservoir weight due to 
increases in water volume during condensing and decreases during evaporation were 
measured with a modified (balance weighted) triple-beam balance reading in 0.1 gram. 
Test Procedures 
The individual test runs were conducted by establishing a specified air-stream 
velocity and, for  the condensation mode runs, by adjusting the in-flow of warm water 
to the humidifying maze. The appropriate air-flow measurement orifice was selected 
for each flow range to assure maximum possible accuracy. 
Initially, porous plate waterbox pressure (pump suction), the control parameter for 
porous plateAP, was considered an experimental variable. But, when it was determined 
that process rate changes could not be detected for even wide variations in AP,  a pro- 
cedural set (circuit state) was initiated and continued for the remainder of the tests. 
Steps were taken to assure that no unwanted condensation was present throughout the 
system which would introduce errors in the data being recorded. Test conditions were 
varied by changing any combination of the following experimental variables in the approxi- 
mate ranges shown: 
a. 
b. 
c. 
d. 
Air-flow velocity (1 to 30 ft/sec), 
Plate temperature (35 to 48°F and 124 to 134°F). 
Channel height (0.22 and 1.0 inch). 
Orientation to the local gravitational vector (plate at top and plate at bottom of 
channel). 
Inlet humidity (dew point) (48 to 73°F). 
Plate AP (initial runs only). 
e. 
f .  
As indicated by the test data displayed herein, several evaporation runs were re- 
peated when a dropoff in evaporation rate was noted and plate-plugging was suspected. 
Test equipment design, fabrication, exploratory tests, and equipment improve- 
ments were completed in the period 1 June to 20 September 1969. 
Official data runs were initiated on 23 September and completed on 29 October 1969. 
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Test Data Summary 
Data was recorded against three sets of experiments, namely: 
a. Trial Data Runs - essentially instrumentation and test mode evaluation and 
modification. 
b. Condensation Mode Runs - the major experimental variables were mass flow rate 
and channel height. 
Evaporation Mode Runs - the major variables were mass flow rate, orientation 
to the gravity vector, and channel height. 
c. 
The data produced from these runs were summarized and recorded on Test Data 
Summary Sheets and included in the Test Report (ref. 4). 
Trial data runs. - Table 9 is a typical set of data recorded during the pretest 
exploratory runs. Figure 24 illustrates the degree of variation experienced. Data 
obtained from wet/dry bulb and Casella techniques were retained for  formal data ac- 
quisition. Table 10 records data obtained to investigate the accuracy of the catch weight 
measurements. Modifications subsequent to this investigation reduced the apparent 
variations. 
Condensation mode. - Fourteen condensation mode runs were conducted with the 
cold plate both on the bottom and top of the channel, with a channel height of 0.22 and 
1.0 inch. 
Evaporation mode. - Eighteen test runs were conducted in the evaporation mode. 
These runs were also conducted with the channel oriented with the porous plate on the 
bottom and at the top of the channel, Two channel heights were also used, one at the 
original 0.22 inch and the second a t  1 0 inch. 
Critique of the Test Design 
With the exception of the problems associated with the inherent inaccuracies of the 
commercially available hygrometric instruments and uncertainties relating to measure- 
ment of channel a i r  flow, the general approach to the test design appeared to be sound, 
tests were easy to manage, and construction costs were low. The approaches followed 
and the instrumentation information compiled can be recommended as a guide to future 
test designs for experimental studies involving diffusion-convection/condensation- 
evaporation phenomena . 
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Instrumentation. - It became apparent during the trial data runs for the condensing 
mode tests that major uncertainties existed relevant to obtaining accurate and precise 
measurements data required for the analytical determination of air-s tream water-vapor 
content and for the explicit weight measurements of condensate removed from the con- 
densing surfaces of the cold plate. In an attempt to minimize both the uncertainties and 
the apparent inaccuracies of these measurements, a series of exploratory condensing 
runs was initiated. One phase of the investigation involved comparative performance of 
several types of hygrometric instrumentation simultaneously on-line in a series of trial 
data runs. 
Another phase of the investigation involved tests on the accuracy of the water-catch 
measurements. 
I t  was concluded from these studies that determination of dew point by the conven- 
tional wet-bulb technique backed up by the modified Casella unit would provide the best 
accuracy with a sufficiently high confidence to warrant proceeding with the formal data 
runs. This decision was based on analysis of trial run data showing an extremely close 
similarity between estimates of condensate production rate based on the wet/dry bulb 
and on the Casella dew point determinations. Both, in turn, were reasonably close to 
the catch weight values as illustrated by figure 24. (A second modification of the balance 
subsequent to these trial runs improved the correlation between catch weight values and 
calculated values. ) 
Analysis of the results obtained from initial data runs indicated that the level of 
accuracy being attained was probably sufficient to adequately evaluate at  least the rele- 
vancy and characteristics of the analytical predictions, if not the degree of accuracy of 
the predicted values. 
Improvements in the accuracy of the wet-bulb temperature values might have been 
effected with a more rigorous approach to system design to assure that ventilation rates 
and wick configuration were consistent with recent findings of the influence of the instru- 
ment Reynolds number as described by Morrison in volume 1 of reference 5. Future 
test designs should take full account of this source of measurements error.  
A i r  flow and pump suction measurements were considered highly accurate and pre- 
cise, with no apparent variations o r  inconsistencies during and between runs. 
Provisions for accurate measurement of inlet air and water volumes provide a 
significant potential for these experiments but add a high degree of complexity. Such 
require both a zero-leakage-to-ambi-ent throughout and an input of dry air o r  other 
dehumidified gas. 
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Humidity measurement technology review: A survey of humidity measurement 
technology was undertaken both to provide information against which to evaluate the 
appropriateness of the hygrometric instrumentation chosen for this test and to provide 
a first  step in the determination of instrumentation for  the flight experiment packagets). 
A summary of this survey follows. 
The information base for this survey is principally found in the 102 technical papers 
contained in volumes 1 and 3 of the four-volume set of over 200 papers delivered to the 
International Symposium on Humidity and Moisture held in Washington, D. C e ,  in May 
1963, under the combined sponsorship of the National Bureau of Standards; U. S. Weather 
Bureau; American Soceity of Heating, Refrigerating and Air-conditioning Engineers ; 
American Meteorological Society; and the Instrument Society of America. Arnold Wex- 
ler of the National Bureau of Standards was the program chairman and editor-in-chief 
of the four volumes. 
Supplementation of this information base was provided by standard texts, product 
brochures, additional technical papers, and personal conversations with instrumentation 
engineers associated with the Convair Standards Laboratory and with staff scientists of 
the Space Sciences department working in the development of qualitative and quantitative 
measurements techniques for  atmospheric constituents . 
a. Categorization of hygrometric techniques. - The term hygrometric instrumentation 
as  used herein applies to any technique which results in the estimate of the amount 
of vapor (water) in a stream of air. Each of the many hygrometric techniques can 
be conveniently, although not exclusively, grouped under one of six categories. 
1. Psychometric hygrometry - determination of the temperature drop caused by 
the evaporative cooling effect set up by a wetted wick surrounding a thermom- 
eter which has been placed in the air mass of interest. Principal measure- 
ments involved are  the sensible temperature (dry bulb) of the air mass and the 
lowest temperature recorded in the drying cycle of the wick (wet bulb). 
Dew point hygrometry - determination of the temperature at which the a i r  mass 
becomes completely saturated with a vapor (water) as measured by observing 
the temperature at  which condensation initially appears on an optical surface 
which has been progressively lowered to a temperature below that of the air 
mass of interest. 
Electric hygrometry - determination of the value of a specific electrical 
characteristic of a hwnidity-sensitive resistive o r  capacitive device exposed 
to the humidity effects of the air  mass of interest. A calibration chart is 
typically employed showing-a range of RH curves for various values of the 
specific electrical resistance versus values of the sensible temperature of the 
air mass of interest. 
2. 
3. 
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4. Spectroscopic hygrometry - determination of the degree to which various 
radiation phenomena are  absorbed by the amount of water vapor present in 
a specific column length of the a i r  mass of interest. The degree of absorption 
observed across the molecular spectra of the radiation phenomena is relatable 
to a specific vapor density with the sample. Various radiation phenomena are 
practical, with infrared and ultraviolet being the most commonly employed. 
Coulometric hygrometry - determination of the current required to electrolyze 
the water present in a sample a i r  streamof known mass flow. A linear rela- 
tionship exists between current flow and humidity concentration. 
Miscellaneous hygrometric methods - there are several methods of hygrometry 
which are  of interest in the type of experiments under consideration but which 
a re  neither clearly classifiable under the foregoing nor sufficiently widespread 
in application to warrant a specific additional classification. 
a) Thermal conductivity: determination of the resistivity of a heated element 
whose temperature is influenced by the rate of heat transfer to a sample of 
the air  mass of interest as compared with that of a reference cell. The 
effect of vapor concentration on thermal conductivity is established which, 
in turn, is relatable to the temperature and, thus, resistivity of the heated 
elements. 
5. 
6. 
b) Gravimetric: determination of the weight of water vapor absorbed by a 
desiccant which has been exposed to a known quantity of the air mass of 
interest. A variation of this technique determines the difference in pres- 
sure drop across a set  of matched orifices between a dehydrated and non- 
dehydrated sample of the a i r  mass of interest. The difference is relatable 
to the water vapor concentration in the nondehydrated sample. Both meth- 
ods are  best suited for instrumentation standards; however, the latter is 
employed by the NBS. 
c) Piezoelectric sorption: determination of the oscillatory frequency of a 
humidity-sensitive, radio-f requency quartz crystal when immersed in a 
sample of the air  mass of interest where flow rate, pressurer and tempera- 
ture a re  controlled. The observed frequency is relatable to humidity con- 
centration, 
b. Operational characteristics by hygrometric category. - 
1. Psychometric hygrometry - 
a) Accuracy: ~ 2 %  (&5%), theoretical and expected values. 
b) 
c) 
Response: low (2 to 10'minutes). 
Problems: wet bulb temperatures are  subject to "reading'' e r ror  unless 
great care is taken and/or mechanization is provided to assure that the 
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lowest temperature value is taken. Additional errors  a re  introduced by 
variations in ventilation rate and wick configuration. Inaccuracies and 
imprecision of psychrometric charts add to the expected e r ror  band. 
d) Application comments: simplicity is attractive for laboratory tests. 
Special designs, such as Peltier effect thermocouples, are  flight candi- 
dates. 
2. Dew point hygrometry - 
a)  Accuracy: &l% (f3%). 
b) Response: varies widely, highly automated range from 1 to 30 seconds. 
c) Problems : deterioration o r  contamination of condensing surfaces com- 
bined with reading errors  can produce high orders of inaccuracy. Mini- 
mization of reading er ror  by photoelectric sensing is practical. 
d) Application comments: simple, visually read instruments are ideal for 
laboratory use. Flight instruments, both aircraft and radiosonde, have 
been extensively and successfully deployed although somewhat complex. 
Apollo telemeters dew-point temperature. The most advanced designs 
employ thermoelectric sensors ; volume approximately 125 in .3 (exclusive 
of power supply); weight approximately 2 pounds. 
3. Electric hygrometry - 
a)  Accuracy: &2% (f5%). 
b) Response: high, 10 to 30 seconds. 
c) Problems: storage degradation and in-use contamination of sensors can 
result in major inaccuracies a 
d) Application comments : extensive radiosonde flight experience has been 
compiled during the past 10 years. This approach has been used for 
the Apolla systems. Packaging potential for flight systems is generally 
superior to typical dew point hygrometric techniques. 
4. Spectroscopic hygrometry - 
a) Accuracy: 2 to 10 ppm (0.1 to 0.5%). 
b) Response: very high, e< 1 to 1 second. 
e) Problems: absorption path length can be a function of measurement range 
requirements and may be as high as 3.5 feet, a problem to flight design 
for  the wide range whioh can be required of certain experiment packages. 
Cabin atmosphere monitoring is not a problem. 
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d) Application comments : the Naval Research Laboratory has successfully 
flown an aircraft R&D model for atmospheric soundings, and the U.S. 
Weather Bureau hurricane hunting aircraft have included instruments of 
this type. Recent developments under contract to NASA-LRC have pro- 
duced prototypes for spacecraft atmosphere sensing. 
5. Coulometric hygrometry - 
a) 
b) 
Accuracy: can be as high as &0.2% in low-humidity range. 
Response: varies significantly with moisture content - high for  high- 
humidity streams, 1 to 10 seconds; fair for low-humidity streams, 50 to 
150 seconds. 
c) Problems: the problems associated with water vapor electrolysis are 
inherent and include degradation of both the structural material and the 
electrolyte. 
Application comments : aircraft flight tests have been conducted success- 
fully. Packaging can be simple and very compact. 
d) 
6. Miscellaneous hvgrometric methods - 
a)  Thermal conductivity: accuracy is similar to that of dew point hygrometry 
but response, essentially that of a hot-wire anemometer, can be virtually 
instantaneous, i.e., in milliseconds, for some designs. Development for 
flight systems has not been extensive but appears to have considerable 
potential. 
Gravimetric hygrometry: the manual weighing of an absorbing canister to 
determine humidity can produces exceptionally high accuracy under equally 
high confidence but is extremely slow, taking from 15 to 45 minutes for  a 
single measurement. This is, however, fairly competitive with manual 
wet/dry bulb readings. Variations, such as the pneumatic bridge (matched 
orifices in a bridge circuit), produce very high response (<e 0.1 to 0.5 
seconds). Accuracies a re  essentially determined by the quality of the 
pressure-measuring instrumentation employed and, typically, can attain 
values within fO. 5% of the theoretical RH. Applications have been pri- 
marily for the laboratory, but it presents at least a limited potential for 
flight application e Desiccant management would be a significant design 
and operational problem. 
b) 
. 
c) Piezoelectric sorption hygrometry: the inherent accuracy is excellent, 
being of the order of 0.1 ppm, with response at least that of the electrical 
humidity-sensitive sensors e The piezoelectric sorption sensor may be 
somewhat more sensitive to gas composition changes than the electric 
sensors. This approach has many things in its favor for both operational 
systems and flight experiment packages, These advantages include the 
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nature of the sensor output signal (radio frequency), the extreme simplicity 
of both components and circuitry, life characteristics of the sensor, and 
the inherent potential for miniaturization of the entire system. 
C. . - The performance of four hygrometric 
techniques were experimentally investigated and compared during the trial data runs 
for the condensing mode tests. Condensing rate estimates for each of the four were 
compared and, in turn, checked against condensate catch weights. Figure 24 illus- 
trates the variations in the data. Unquestionably, further work with the Alinor and 
Honeywell instruments would have produced better results but the psychometric 
and Casella dew point techniques were chosen for continued use on the basis of the 
initial investigations, thus no further work was undertaken in an attempt to improve 
results being obtained from the other two. Although the Casella (modified) and wet/ 
dry bulb techniques frequently did not agree on absolute humidity level, the changes 
in humidity across the test section with the two methods were in much closer agree- 
ment and were considered adequate for  tbis test program. The nature of the four 
hygrometric techniques can be summarized as  follows: 
1. 
2. 
3. 
4. 
Psychometric - wet/dry bulb technique determines two points on the psycho- 
metric chart (Carrier) leading to estimates of humidity concentration of the air 
stream. 
Casella dew point apparatus - manually operated, visually observed dew for- 
mation on the surface of a mirror, the temperature of which can be varied by 
the operator. The temperature at which moisture from the stream sample 
starts to form or  disappears is recorded as the dew-point temperature. Esti- 
mates of humidity concentration are again taken from the psychometric chart. 
Honeywell RH meter - a semiautomated, portable unit producing a direct 
readout of RH. The device operates on signals from a stream-mounted, 
humidity-sensitized resistive sensor and a thermistor. Manually adjusted 
dials on the panel produce a nulled bridge circuit which, in turn, produces a 
temperature-compensated readout of RH. Accuracies of f l- f2% are  claimed 
a s  possibilities for new sensors; an expected value might be closer to f5%. 
Since relative humidity is read from the meter, i t  must be used in combination 
with either a stream wet or  dry bulb reading to yield absolute humidity, 
Alinor dew pointer - a manually operated, visually observed fog behavior in a 
drawn stream sample when the sample is subjected to a pressurization-depres- 
surization-repressurization cycle (. Temperature and pressure data a re  noted 
at the point at which the fog disappears from the sample chamber in the repres- 
surization cycle. A rotary disc calculator indicates the dew-point temperature 
for the observed data. The-psychometric chart is used for estimates of con- 
centration e 
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d. Recommendations. - It is recommended that the piezoelectric sorption and capaci- 
tive sensor techniques be given high priorities in the development of both flight 
systems and experiment packages. 
Process apparatus: The simplicity, ease of management, and economy of the pro- 
cess apparatus when viewed against the excellent process control achieved indicates that 
a similar approach should be considered for future laboratory testing. Improvements 
could be readily attained by providing for monitoring and control of the plenum chamber 
humidifying water in-flow rate and temperature. . The precision of this control is not 
critical; thus any one of several readily available, inexpensive, commercial flow meters 
could be employed, and manual control of hot-cold tap water mixing would suffice. Tem- 
perature pick-up could be easily accomplished by a resistive thermometer attached to the 
exterior of a short length of insulated thin-wall, high-thermal conductivity tubing inserted 
as a section of the in-flow circuit. 
The formation of condensate at several points in the system required special atten- 
tion. Although the design was such that dew points in the channel upstream and down of 
the cold plate were below ambient during the condensing mode, unwanted condensation 
occurred in two places, namely, on the wall of the channel working section and on the 
exterior of the inlet to the water reservoir. The former leads to inaccuracies in the 
calculated efficiency of the process, while the latter produces inaccuracies in the catch 
weight measurements. A low-energy heat lamp can be used to raise the working sec- 
tion wall temperature during condensing mode runs to that of the average value along 
the nonworking portion of the channel, and to levels above dew point during evaporation. 
Intermittent area heating of the aluminum channel base downstream of the working sec- 
tion is also effective for the latter. A laboratory Meker burner was found satisfactory. 
A transparent plastic enclosure was placed around the reservoir section of the water 
circulation circuit and its enclosed atmosphere purged and maintained with dry nitrogen. 
Condensation occurring in the reservoir during evaporation does not produce a measure- 
ment problem. 
Problems were experienced with the porous plate/waterbox assembly when the test 
mode was changed from condensation to evaporation 
the plate/waterbox assembly and the channel base were designed for minimum leakage 
at condensing temperatures and were too close for  the higher evaporating temperatures, 
causing buckling of the plexiglass waterbox resulting in bowing the porous plate above 
the channel base, i. e. , into the channel. Clearances were increased to accommodate 
this condition and presented no problems; however, for  tests where transition from one 
mode to another must be made without the opportunity for rework o r  seal adjustments, 
the problems of installation clearances and dissimilar material fits and bonds must be 
thoroughly resolved prior to initiation of test. 
The installation clearances between 
During evaporation runs problems were experienced with an apparent dropoff in 
evaporation rate. It was thought that this might have resulted from contamination of the 
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porous plate from rust particles in the water circulationheat transport circuit originat- 
ing from the commercial fittings and heater housing. A new porous plate appeared to 
correct the problem. Although a rather obvious point, i t  is imperative that flight ex- 
periment and operational systems avoid this pitfall by employing both noncontaminant 
generating materials and submicron filtration. 
Procedures: The technique for initially establishing air-free water loading of the 
porous plate recommended by NASA-IBC (that of placing the plate in a pan of water 
which is subsequently brought to a boil and, following a prolonged boiling %oak,'' 
returned to ambient temperature) was found convenient and effective. 
In that there is no significant interaction between consecutive test runs o r  modes, 
no special care need be taken in the mode sequence except as the effective use of time 
dictates. 
Correlation of Analytical and Experimental Data 
Statistical correlation of analytical with experimental data was employed primarily 
as an evaluation of the technique. It is apparent that the test design was such that the 
data were neither sufficiently numerous nor appropriately distributed to meaningfully 
support such an analysis solely from an intrinsic point of view. The effort did serve, 
however, to sharpen the critique of the test design and as such is considered worthwhile. 
Predictive Data 
The analytical model computer program was used to predict the performance of 
the test apparatus for humidification and dehumidification processes. Predictive values 
which can be verified experimentally a re  the mass removal o r  addition rate of water 
and the efficiency of the process compared to maximum water exchange performance. 
For the latter comparison, equilibrium with the porous plate vapor pressure at  the plate 
section outlet constitutes 100% efficiency. 
Primary variables in the analysis result from an inspection of equation (18). Iden- 
tifying the variables, the mass removal rate is proportional to the plate length along 
the channel (contact time) and a more complex function of the channel thickness and the 
gas flow velocity. The length of the plate was physically constrained; however, channel 
thickness was a variable and flow velocity was the prime variable. Control of inlet 
humidify and plate temperature at specific levels was not attempted; moreover, rela- 
tively constant inlet conditions existed. 
Channel thickness parameter. - In predicting performance for this process, the 
effects of channel thickness on water exchange rate and efficiency were investigated. 
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The computer model of equations (18) and (20) was utilized to define the possible water 
exchange rates for  a channel thickness of 0.22 inch. The concentration change factor 
is the initial driving force between the gas and the porous-plate wall. The concentration 
change factor is the initial driving force between the gas and the porous-plate wall. The 
concentration change involves plate temperatures from approximately 40 to 145" F .  The 
removal rate is observed in figure 25 to be linear with concentration change for a fixed 
geometrical condition; i.e., the rate, r, is a function of ICi - Col and the efficiency, Q, 
is independent of the driving force. An alternate manner to consider the same data is 
to enter with the parameter of stream velocity. Results for  this parametric evaluation 
are  shown in figure 26. 
It was indicated earlier that the efficiency of the process, ACio/ACiw, is dependent 
only on geometry, diffusion coefficient, and velocity; therefore, this variable was used 
to predict and compare test performance. A primary working plot was developed to 
determine efficiency for various stream velocities at  set  channel thickness. Most of the 
tests were to be performed at  an arbitrarily selected channel height of 0.22 inch, al- 
though some tests were conducted at a height of 0.98 inch. The parametric height ver- 
sus efficiency relationships are  shown in figure 27. One hundred percent efficiency is 
a saturated air  stream at the plate temperature. In using figure 27, i t  was noted that 
for velocities in excess of 2 feet per second, the efficiency was halved when the channel 
th ichess  was doubled for a constant velocity. This suggested the use of an effective 
or  pseudo channel height, E h, to reduce the data range on figure 27 to a single curve. 
The results of this a re  shown in figure 28 where for velocities above 2 feet per second, 
the data converges to a single line. 
The above analysis provided sufficient direction to select the velocities and channel 
heights for  the test investigation. 
Diffusion coefficient parameter. - The use of the diffusion coefficient for the air /  
water system is used explicitly in the solution for efficiency of the process. Although 
theoretical formulations are  available for this quantity, they have been determined to be 
low by 5 to 12% (volume 3, ref. 5). Wexler presents values for the temperature range 
of interest; these values are plotted in figure 29. A difficulty arises in the selection of 
the temperature to evaluate this property; the temperature is somewhere between a plate 
temperature and entrance temperature of 41 and 80"F, respectively, for condensation 
and 132 and 76"F, respectively, for evaporation. 
The effect of the diffusion coefficient on the predicted efficiency is shown in figure 
30. The effect is not so pronounced as the channel thickness, but is enters numerically 
in the same exponential matter. Initially, the efficiencies were evaluated parametrically 
for channel depth at a mean temperature for the condensation process, 63" F. It is ap- 
parent that a considerably higher temperature, near 100°F, would be more suitable for 
theoretical prediction of runs E l  to El".  
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A statistical analysis of the data will suggest the most suitable value for the diffu- 
sion coefficiente? These values for the coefficient will be applicable only to the tem- 
perature range and this hardware; however, the effects of diffusion coefficient cannot 
be separated from channel height which enters to the square power and may be in e r ror  
by as much as 5%. 
Experimental Data 
The experimental data obtained in this investigation were presented in the experi- 
mental test report (ref. 4). The wet/dry bulb temperatures and the Casella dew point 
temperature measurements were reduced to obtain the humidity change in the flowing 
stream and ultimately the exchange rate. On condensation runs, the above two methods 
of humidity measurement can be compared with a catch basis removal rate. For evap- 
oration runs, condensation and temperature problems resulted in only the catch rate 
measurement for most runs. Details. of the calculations from the raw data a re  presented 
in Appendix A of reference 8. 
Measurement of the gas flow rate was made a t  the outlet of the test section with an 
orifice measurement. These data were reduced to mean velocity over the porous plate, 
mass flow in the channel, and a channel Reynolds number using moist a i r  properties 
applicable to outlet conditions. 
With a known dry air flow rate and a water exchange rate from the catch tank, an 
equivalentAH change can be calculated for  this measurement method. These are  pre- 
sented in tables 11 and 12 in units of grains for easy comparison (7000 grains equal one 
pound). Table 11 also points up the disparity between measurement techniques, i.e., 
wet/dry bulb and the dew point method. The latter consistently indicated lower humidity. 
The tolerances on the measurements reflect changes in conditions during a run as well 
as measurement error.  Since conditions at inlet were not constant, AH was determined 
at  several times during a typical 1- to 2-hour run. Although no well-defined data pattern 
appears, closer agreement generally exists between wet/db bulb and Casella methods 
than either of these with the catch basin results. Since only catch basin data were 
available for the evaporation runs, these data suffer from the apparent limitations of the 
technique. However, as  i t  will be shown later, the evaporation data exhibited the high- 
est  correlation coefficient and least scatter, at  least for the correlation approach which 
has been utilized. 
Reduced data similar to table 11 are presented for the evaporation runs in table 12. 
Only two attempts a re  shown for dew point and wet/dry bulb determination of humidity. 
These two cases did result in reasonable agreement with the catch basin evaluation. 
Inlet humidities were required to evaluate the saturation condition of the outlet stream 
after the porous plate. 
? A  value of the lumped parameter D g2L/4 h2 will be determined. 
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The prime correlation variable, the efficiency of the process, has been evaluated 
for each run from the available data. Each measurement method resulted in a separate 
evaluation for  that run. The results of these evaluations a re  presented in table 13. One 
significant feature of this evaluation is the identification of calculated efficiencies greater 
than 100% for five low-gas velocity runs with a sixth run calculated at 98%. It can be 
noted that these catch basin results a re  not confirmed by the other measurement methods 
on runs C7, C8, and C13. For further discussion, refer to a subsequent section headed 
The supra-efficiency anomaly. 
The data are  presented in figures 31, 32, and 33 for  the condensation runs C l  to 
613 for the three respective measurement techniques. The theoretical prediction for 
an 0.22-inch channel thickness is also shown. The data fall significantly below predic- 
tion using the wet/dry bulb evaluations. The dotted lines reflect least squares corre- 
lation discussed in the section headed Data Correlation. It was earlier considered the 
tineoretical prediction should be lowered by 10% to account for the fact that the porous 
plate is only 4.5 inches wide versus 5 inches for the actual channel width. Lateral dif- 
fusion probably negates this disparity when the distance is small and less than channel 
thickness. Therefore, for this work, the plate is assumed equal to channel width when 
considering the theoretical efficiency model, although this may have tended to result in 
producing some of the discrepancy between calculated and predicted efficiencies e 
The reduced data obtained from the Casella dew point measurements is presented in 
figure 32. The improvement over the wet/dry bulb technique in reducing scatter is not 
readily apparent. Noteworthy in figure 32 are  the three runs for condensation where 
the channel was inverted with the plate above. From those three points, no effect can be 
predicted. Theoretically, the model predicts the same efficiency for both cases e 
The efficiencies determined from measured catch basin rates a re  shown in figure 
33. In this instance, the measurements for the inverted channel do exhibit a trend; 
nonetheless, from three measurements it is difficult to discern if it is significant. 
The efficiency data from measured catch basin data on the evaporation runs E l  to 
E12 appear in figure 34. At velocities above 2 ft/sec, these data exhibit the least 
scatter of any measured data. A slight trailing off from the prediction is observed at  
higher velocities. This was also detected in some condensation runs ., The supra- 
efficiency data a re  indicated above loo%, but these values must be in error. 
In evaluating the influence of channel thickness, a different theoretical efficiency 
curve results for each height. With a 0.98-inch channel thickness, very low efficiencies 
result. The calculated values from all three measurement techniques exhibit little scat- 
ter and are  well predicted by theory-(figure 35). One outlying point a t  a velocity of 1 .9  
ft/sec exists which appears to be experimentally in e r ror  although it is possibly related 
to the general trend of supra efficiencies below velocities of 2 ft/sec. I t  is below this 
velocity that efficiency moves rapidly upward toward 100%. 
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Table 13. - Efficiency Data for All  Test Runs 
____1 
c1  
ca 
C2b 
c3 
c4 
c5 
c6 
c7 
c8 
c9 
e121 
Cl3, 
C14, 
c16ti 
c17ti 
c18ti 
E l  
E2 
E3 
E4r 
E5i 
E 6 r i  
W r i  
E9ri 
E'ori 
Euri 
E12$ 
"14ti 
E L 5 t i  
"1'Tti 
49 
41*3 
40,5 
23.1 
74 
51.3 
42 
60 
59 
25.8 
24,s 
49.4 
73.7 
8 
14.6 
7.6 
OQ 
-- 
"I) 
sc. 
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-9- 
-e 
(D" 
-- 
5.0 
6.9 
0 -  
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25.2 
21,b 
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55.5 
49,2 
4063 
98 
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36.6 
28.7 
116 
6.1 
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8*3 
32.8 
106 
56,4 
15.8 
5863 
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28,6 
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Data Correlation 
The experimental data have been reduced to efficiency values. The efficiency is a 
basic dimensionless parameter which yields the removal rate for a given initial driving 
force inlet humidity to porous plate. (Note that the term humidity is often used inter- 
changeably with the term concentration,) The theory was derived for concentration 
units of Ib HzO/ft3; thus, the density factor of moist air at various percent saturation 
enters into the efficiency. This simplification is not significant in this analysis. In 
summary calculated efficiencies are based on hujmidities , theoretical predications 
on concentrations. 
The data correlation was based on an expression with the same functional represen- 
tation as the theoretical model. For velocities below 10 ft/sec and channel heights below 
1/2 icch, little error is introduced if terms beyond the first in the summation in equation 
(20) are neglected. Therefore 
2 
2 
4 h  vo 
8 - D u  L = 1 -- 
2 e  
lr 
Rearranging to a more suitable form for correlation 
-1 2 71 Allowing yi to take on values of en 0 (1 - e )  and xi = vo , a least squares correlation 
0 1 through the origin results 
The solution for least squares with intercept of zero has only minor differences from 
standard least squares procedures (ref. 6, 7). The slope is defined by 
2 A = E x y/E x 
2 The variance of the estimate, S yx, has only one degree of freedom and is defined 
11 8 
The correlation coefficient r is the measure of the correlation and its value approaches 
fl as the fi t  improves. It explains the deviation which can be explained by the x value, 
in this instance the gas velocity. 
The correlation lines through the data are presented with dotted lines on figures 31 
through 34. Some difficulty occurred for the catch basin runs with supra efficiencies. 
Values greater than 100% could not be considered since the value of en(1- e) approaches 
minus infinity even for  near 100% efficiency. Two correlation cases are shown: case 1 
where 96% efficiency was substituted, and case 2 .where these points are neglected. It is 
apparent the case 2 values represent all the data more reliably. Because of the nature 
of the en function, particularly large weight is given to the low-velocity values which 
unfairly bias the higher velocity data fit. Since the correlation line is forced to 100% 
at zero velocity, the ease 2 coefficients are preferred. 
The values for the Coefficients, variance, and correlation coefficients for the data 
in figures 31 through 34 are presented in table 14. 
Table 14. - Results of Correlation Analysis 
Measurement n A S r 
Condens ation 
wet -dry bulb l.0 -0.743 0989 .941 
Condensat ion 
Casella 13 -~096 .962 0900 
Condensat ion 
catch basin 1 13 -3.023 0700 0900 
Condensation 
catch basin 2 11 -2.455 0733 0832 
Evaporation 
catch basin 1 12 -3.448 0880 0951 
Evaporation 
catch baain 2 9 -1. e 703 0 9 9 8  0990 
Since A is equal to -D r 2  L/4 h2, the only variable in all the above values of A is 
the diffusion coefficient since the remainder of the physical variables were held constant. 
There is no apparent explanation for the wide variation in A; consequently, one is led to 
conclude that the data are not of the same population, and the measurement technique is 
significantly influencing the coefficient A .  The results further suggest the correlation 
value fo r  slope A is not suitable for evaluating the effective diffusion coefficient. In 
evaporation case 2 above, a value of % = 2 a 31 x lo”* ft2/sec results, a slightly lower 
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than acceptable value (see figure 29). The range of Dv from table 14 above is 0.95 x 
experimental evaluation e 
to 4.67 x lom4 ft2/sec, fa r  exceeding the temperature range of figure 29 and this 
It should be noted that two factors relative to the design of the experiment limit the 
value of a rigorous correlation analysis. First, the correlation is a statistical technique 
and, as such, is dependent upon relatively large quantities of data points and, secondly, 
that the data be dispersed throughout the range of the experimental observation rather 
than grouped as is the case for this experiment. The design of the experiment on the 
other hand was highly influenced by uncertainties relating to instrument accuracies and 
correlation between various measurement techniques which led to much grouping of 
data through attempts at  replication. 
Additionally, correlation analysis might be somewhat more effective if a more 
general function were employed instead of the particular exponential .relation chosen 
which is not representative of the total range of physical behavior as the analytical model 
indicates. Indeed, the analytical model may itself be a more appropriate correlation 
mechanism even though not a simple functional form, 
Results of the Experimental Evaluation 
The execution of the experiment, analysis of the data, and examination of the corre- 
lative models have led to several changes both in the analytical model and the concepts 
relating to the utility and future design of the model and its experimental evaluation. 
Several of these changes appear to be of sufficient significance to warrant discussion. 
The analytical model. - The analytical model results from the solution of the 
convective-diffusion equation (3). Solutions to this equation were obtained with simi- 
larity methods and Fourier boundary value solution. For a bounded channel, only the 
Fourier boundary value solution is appropriate. The model proved very beneficial in an 
examination of channel height effects and in the investigation of the effect of the diffusion 
coefficient. Changes in the analytical model resulting from the test were limited to an 
evaluation of the diffusion coefficient and an extension of the efficiency concept, equa- 
tions (19) and (20). 
The experimental evaluation. - In the analysis of the data, the wide variation in the 
data obtained in successive trials with the same instrumentation and between various 
measurement methods points out a need for more accurate and repeatable measurement 
techniques before proceeding with additional data acquisition. Although each of the three 
techniques employed in the experimental program is sufficiently dependable to evaluate 
the model in general terms, more precise evaluation is desirable. Other experimental 
procedures, potentially at least, add to the inaccuracies and possibly the scatter. For 
example, the use of external heaters or  lamps to avoid condensation is in suspect and 
should be minimized o r  eliminated. Since the plate temperature is such an important 
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parameter in the efficiency evaluation, i t  probably should be measured more accurately, 
Any plate heating due to the lamps would introduce error.  Similarly, very hot walls 
could permit more moisture to be carried in the stream than plate saturation temperature 
would indicate. The results of the evaporation catch basin data show the high degree of 
accuracy required in the results if meaningful evaluation of the diffusion coefficient is to 
be attained. The catch basin results a re  based on the gas flow rate in determining the 
efficiency whereas the other two evaluations a re  independent of mass flow of air. Any 
system leaks a re  more pronounced at low velocities where small flow orifices a re  used. 
Leaks occurring downstream of the plate but prior to the orifice lead to apparent high 
efficiencies and must be avoided. 
The experimental approach was simple and is proven a highly valuable method for  
verifying the analytical model. The effectiveness of the experimental evaluation is only 
slightly degraded by the humidity measurement difficulties. Experimental control is 
simple and the efficiency evaluation eliminates necessity for precise control of inlet 
humidity conditions . 
The supra-efficiency anomaly. - As can be seen from the data presented on figures 
33 and 34, efficiencies calculated from water exchange rates (referred to as "catch basin") 
are  generally below the model predictions for stream velocities above 2 ft/sec and higher 
than predicted below that value. For the lowest stream velocities the calculated efficien- 
cies are  above 100%. This apparent anomaly could arise from any one o r  combination 
of e r rors  both experimental and computational. Errors  must be expected in the deter- 
mination of stream temperatures, velocities, and dew points. When these experimental 
errors  are  combined with the imprecision and, in some cases, inaccuracies of the psycho- 
metric tables (equations) on which most of the calculations depend, the errors  can be 
quite significant. Likewise, transport of suspended liquid by the a i r  stream could easily 
produce the apparent anomaly, as could errors  in measurement of the water exchange 
rate. The appearance of this anomaly in the experiment was accompanied by increased 
interest due to similar experiences in tests being conducted by the LRC. 
If one were to attempt to explain the apparent anomaly by assuming that whatever 
problem exists affects only the calculations involving the water exchange rates, one could 
logically show that any one o r  combination of several errors  could be present as previ- 
ously pointed out. Examples can be given to show that even small errors  ( 1 to 2°F) in 
determining stream temperature could prove significant. Another e r ror  could be in- 
troduced by the transfer of liquid in droplet form, o r  a condensing of droplets, which 
allows the gas stream to pick up more moisture without reaching saturation. Still 
another, although less likely, could be introduced by the heating of the porous plate by 
radiation such that the plate temperature was somewhat higher than the water tempera- 
ture in the reservoir below the plate-. For Run 6R, the worst case, an increase in 
measured plate temperature from 135 to 141°F would decrease the efficiency from 
to 100%. 
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However, if one were to view the possibility that the apparent anomaly results from 
a single mechanism or set of mechanisms which operates to provide observable e r ror  to 
the efficiency calculations for all three measurement techniques, a somewhat different 
set of conclusions results. 
A s  one compares the calculated efficiencies derived from each of the three instru- 
mentation techniques (figures 31, 32, and 33), i t  can be asserted that the calculated 
efficiencies for the psychometric method (wet/dry bulb) and the dew-point method (Cas- 
ella) tend to be depressed throughout but somewhat more pronounced at  the lowest stream 
velocities, while the calculated efficiencies employing the values attained by direct meas- 
urement of the water exchange rates tend to be increased. If such a characteristic were 
to be verified by the existence of more abundant data, it would lead one to question the 
accuracy of the stream velocity measurement for if the indicated velocity were lower 
than the true velocity, just such a combination of apparent characteristics would be in 
evidence. 
Examination of the velocity measurement system reveals that several sources of 
e r ror  could have been present. Three of the more obvious of these potential e r ror  
sources are: 
a. 
b. 
c. 
hcorrect  orifice coefficient employed in the velocity calculations. 
A i r  leakage in the working section. 
Phase change (condensation) phenomena at the orifice, especially during the evapor- 
ation runs. 
Although i t  was not feasible to run a leak check and phase-change check following 
the final analysis of the test data (channel had been dismantled), a check on the 0.15- 
inch-diameter orifice coefficient was determined feasible and, thus, performed by the 
Standards Laboratory. A positive displacement a i r  source was employed with flows 
scheduled in the range represented by channel velocities of 0 to 2 ft/sec. However, the 
results of this check indicated that lower rather than higher flow rates might well have 
been operating for the experiment than those calculated. (The check produced flow 
measurements lower than those which would have been calculated for identical orifice 
AP's,  also a questionable finding.) However, if such were actually true during the ex- 
periments, i t  would have operated to reduce the magnitude of the apparent anomaly and 
simultaneously increased the apparent dropoff of efficiency for the estimates derived 
from the hygrometric measurements. However, duct leakage and phase change at  the 
orifice a re  still suspect and stand as the mechanisms most logically producing the diver- 
gence of the calculation data based on catch and hygrometric techniques. Further ex- 
perimentation is required to fully define the causative factors. 
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ANALYTICAL MODEL NO. 3 - "FILM STABILITY AND TRANSPORT" 
The analytical model describes the behavior of thin liquid films which are reacting 
to the various forces applied in the interfaces between the film and the gaseous environ- 
ment in which it exists. 
The model is primarily oriented to the problem of film transport along the solid 
surface, with secondary interest in the transition from stable to unstable film config- 
urations a The analysis has addressed itself to transport phenomena under two relatively 
dissimilar conditions, one involving film transport along flat surfaces where the film- 
to-gas stream interfacial shear may provide the major transport force, the other involv- 
ing film transport on conical surfaces where the liquid surface effects may provide the 
major transport force. 
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The model considers the effects on the predicted behavior in each of the two cases 
resulting from variations in such system parameters as: 
a. 
b. Surface temperature gradient. 
c. 
Gravitational field strength and orientation. 
Liquid characteristics as influenced by 
1. Mass  density. 
2.  Dpamic  viscosity. 
3. Surface tension. 
Gas stream characteristics as  influenced by 
I. Velocity. 
2. Density. 
3. Pressure. 
System boundary characteristics as influenced by 
1. Gas-film interface stability. 
2. 
d. 
e. 
Physical dimensions of the film and the solid surfaces. 
Special attention is centered on both the conditions producing and the behavior during 
the transition from a stable to an unstable film/gas interface. The influence of the local 
gravity vector is explicitly examined. 
The model is so designed as to be of potential value in the development or  analysis 
of LSS equipments where film stability and transport phenomena can be expected. These 
phenomena are present in the on-design modes of operation in a high percentage of the 
LSS functions under study; thus the control of their behavior is critical. Additionally, 
when these phenomena are  unintentionally produced as a result of off-design modes, 
the understanding of their behavior can be even more critical as, for instance, might be 
the case with a humidified breathing gas line choke resulting from unwanted condensation. 
Table 15 gives the nomenclature used in the film stability and transport calculations 
DESCRIPTION OF THE MODEL 
Case 1 - Flat Plate Surfaces 
Motion of a thin liquid layer on a flat plate is deseribed by the conservation of mass 
and momentum with two boundary conditions (steady flow, incompressible), 
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Table 15. - Nomenclature for Film Stability and Transport Calculatians 
NOMENCLATURE 
b 
d 
Dn 
Fr 
g 
g0 
gC 
h 
h 
- 
NT 
R 
ReC 
R Re 
a U 
ui - 
U. 
1 
Va 
We 
@ 
e 
~ ~ -- ~~ 
channel thickness, in. 
channel width, in. 
hydraulic radius, 4 A/P, f t  
Froude number, y / g  h 
acceleration field, ft/sec 
earth% gravity; 32.2 ft/sec 
conversion constant, 32.17 lbm-ft/lbf-sec 
film thickness, in. 
average film height, up and downstream, in. 
Nusselt film thickness, n.d. 
ratio of waveheight, bdWm/6 
UP 
critical Reynolds number hui/v 
liquid Reynolds number, hY/u 
liquid velocity, ft/sec 
interface velocity, ft/sec 
average interface velocity, up and downstream, ft/sec 
gas velocity ft/sec 
Weber number, 5 g h/a g, 
empirical factor for shear, n.d. 
channel slope from horizontal, deg 
kinematic viscosity for liquid 
2 
2 
6 wave height, in. 
Y surface tension 
12 5 
Mass Conservation 
vi,i = 0 
Momentum Conservation 
rl Ps i V . V .  . = f i - - + - V .  
J b J  p p l , j j  
where 
I velocity field 
vi 
f i  body force (e.g. a gravity) 
p = pressure 
p = density 
Q P dynamic viscosity 
Boundary Conditions 
63 Plate 
a v. = 0 
. 1  
@ Free Surface 
where 
.4 g .Superscripts denote: ( ) liquid, ( ) gas 
y P surface tension 
a 
0.. = stress tensor in liquid 
1J  
O.g = stress tensor in gas 
11 
= normal to free surface 
12 6 
g g g g 
13 13 
0.. = - P 6.. + 7.l (vi, + vj,i)s 
6.. = Kronecker Delta 
13 
a a a a 
13 9 1  1 8 1  s 
0.. = - P 6ij + r) (vi . + v .  .) 
Equations (4) - (6) yield 
For the flat plate, laminar problem, the equations (l), (2), (3), and (7) reduce to 
Mass Conservation 
= o  au 
a x  
-
Momentum Conservation (using equation (8)) 
Boundary Conditions 
* @  Plate 
u = o  
@ Free Surface 
(Y = h) 
Q. E unitvectors 
1 
12 7 
which implies 
g a  
P = P  
Define : 
Using the boundary conditions (equations (11) and (12)), equation (9) becomes 
Normally, surface tension gradient is due to temperature gradient 
where 
2 
a T  a x  
T E temperature 
(14) 
Flow Rate =/” 
Width a 
0 rl 
Films experiencing interfacial shear acceleration become unstable and eventually 
disintegrate fo r  a range of dynamic parameters (represented by Reynolds, Froude, and 
Weber numbers). Reference 1. is an extensive and comprehensive treatment of insta- 
bility, an adaptation of which was employed for a numerical solution to the definition 
of the transition boundary. 
The problem considered is that of a film with a linear velocity profile; equation (14) 
implies the following condition 
12 8 
or 
Equation (15) represents an interfacial shear dominated film (the case of interest 
in life support systems). The stabilizing influence of gravity (resists perturbation) 
and of surface tension are considered in the boundary condition. Figure 36 defines 
the predicted stability boundary. 
Critical 
Reynold8 
Number 
ReC 
200 
lo2 
; G o 3 3 3  0.4 0.1 * 0.2 0 - 3  
F + W  F W Parameter (-) N N  
Figure 36. - Predicted Stability Boundary 
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For the situation of gas stream accelerating a liquid film, the critical Reynolds 
number is approximately given by 
-4 
where 
Rec = critical Reynolds number 
Fr = Froude number 
We = Weber number 
PR uh 
,la 
Re =- 
2 U Fr = - 
gY 
pR u2 h We = 
Note: This equation can be related to the 
graphical representation of "Film Stability 
Criteria" as shown by figure 3 of reference 
2 which was based on work by Reynolds et a1 
of Stanford University in 1964. However, 
equation (16) contains an inertial field depen- 
dence missing in the representation of the 
treatment by Reynolds. 
Y 
Extremes of equation (16) are  evident, 
Rec = 200 for a = 0 
where 
Y+Pagyh2  F+W 
=- 
F W  a =  u2hpR 
Stability is given by Re < Rec. 
-4 Re < Re 5 200 (1 - 3 ~ )  STABLE 
C 
Case 2 - Conical Surfaces 
(17) 
Motion of a thin liquid layer which uniformly wets the wall of a conical surface is 
described by equations (l), (2), (3), and a modified equation (4) 
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a g oij nsj = o..ns. + ys i + ynsi (K1+K2) 
13 3 
where 
K1 = principal curvature of surface 
K = principal curvature of surface 2 
For this analysis, the fluid will be assumed to have no azimuthal velocity. The follow- 
ing coordinate system will be assumed. 
Equations (1) and (2) become 
Mass Conservation 
6-l P (4 (r u) = I d  rdx . a  -- 
P 
where 
I 
61 E mass condensation flux (from gas interior to the l i q ~ , d  interface) 
g (x) 5 ratio of the circular perimeter of the interface at  x to the film cross- 
sectional area at the coordinate x 
Momentum Conservation 
It is assumed that gravity acts in the direction of the cone axis in order to preserve 
circular symmetry; however, the magnitude is variable. 
Equations (19) and (21) combine to give, 
1 dr  1 
r dx (L-X) 
-- =p  
where 
L I length along surface of cone. 
The boundary conditions become 
@ plate 
u = o  
@ free surface 
which implies 
a p = ig - 7 ( K ~ + K ~ )  (6 component) 
Y (23) 
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Using equation (23) 
For conical surface, 
K 2 0  2 
-s a h  - 0, sinceK2 = O  
a x  
a a K 1  -2 - [(L-x) tan 0 - h] (tan e) 
a x  
(25) 
a=-- a a pg 1 [y t an0+  ((L-x)tan0-h) 91 
a x  
[(L-X) tan 0 - hJ a x  a x  
Equation (25) does not assume that the film is thin; however, i t  only neglects the 
curvature in the x direction (which is usually an order of magnitude smaller than that in 
the azimuthal direction). 
Define 
Equation (22) becomes 
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Solution to the nonlinear equation (27) is of the form, 
U 
Y 
where 
C4 E integration constant 
Since equation (28) is not readily inverted, it is of interest to linearize equation (27) 
and integrate (this is quite reasonable since the fluid inertia, pu2, is small in most 
situations). 
u'= uo + 6u 
Solution to equation (29) is, 
u = A  e x y + A  e 
1 2 
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m (L-x) r s =  
P a  uo 
Boundary conditions yield, 
which imply, 
I 
AI = 
Ah -Ah 7 
A l e  - A 2 e  =-  
rlA A 
The value for  uo is ,given by, 
h u =  0 
(33) 
(35) 
r = (L-x)(sin 6) -y(cos 6) 
135 
Equation (35) is transcendental in uo and must be solved iteratively. The equation 
for  the iteration procedure is represented by 
uo = [ A1[(L-X) sin e (e -1) - (eXh(xh-l)+ 11 
x h2 
(1-e ) + - -Ah  COS^ + A 2  x2 
To find ~0 =f (x), ~0 is found at  x= 0 and the mass conservation equation (19) is integrated 
to give uo a t  any x 
X 6 5$ (ru) A(x) dx =$ m c  A(x) dx 
0 P A  
(37) 
where 
A(x) E film cross-sectional area, i.e. , flow area. 
Figure 37 illustrates output from the computer program which solves equations (36) 
and (37) for liquid depth, mean velocity, and mass flow rate. 
THE COMPUTER PROGRAM 
A computer program was developed to provide a tool for economical computation of 
analytical parameters for experimental correlation and predesign utilization. Equations 
(36) and (37) form the nucleus of a FORTRAN IV CDC 6400 computer program. 
In addition, three short computer programs were developed for the CDC 6400 in 
FORTRAN IV to conveniently reduce the iarge bulk of experimental data collected 
against the Case 1 model. These programs are reported in the appendices of reference 
4. A program RECRIT solves equation (16) for interface velocity and calculates the 
critical Reynolds number, Froude number, and Weber number. Four roots of equation 
(16) exist; however, the region of valid values can be defined and imposed as a solution 
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constraint. A Regala Falsi convergence technique is the primary scheme of this pro- 
gram. With this program, the line of neutral stability can be defined. 
A second program, SHEAR, solves the empirical frictional relationships for the 
gas-phase drag on the liquid film, The flow rates and velocities of the two phases a re  
determined as well as the film height. This tool has definite predesign application in 
that evaluation of film thickness is a prime requirement in any film transport problem. 
The data reduction program, REDATA, converts voltages to film thicknesses, and 
with flow data, evaluates velocities, dimensionless numbers, and stability criteria. 
APPUCATIQN TO LSS DESIGNS 
The generalized nature of the analytical model provides a relatively high probability 
that the model can be directly applied to the development of several LSS design approach- 
es. Table 16 identifies examples of the type of LSS equipment which, potentially at  least, 
will be so designed that the model can be profitably applied to the analysis of primary o r  
ffon-designTf modes of operation. However, possibly one of the major applications of the 
model may be in the analysis of the behavior of liquid films which might exist when sys- 
tems operate under ffoff-designtl conditions. Such conditions have existed when unwanted 
condensation o r  %pills produced liquid films either on atmospherically exposed cabin 
walls and installed equipment surfaces o r  on the inner walls of ducts transporting "hi- 
humidity a i r f f  o r  liquid vapors such as might be the case with cabin air and certain water 
and oxygen reclamation system ducts. In the early phases of a system design study, the 
model might be employed in the comparative analysis of competing designs, one or  more 
of which are either designed to transport liquid films o r  have the potential for formation 
of liquid films under off-design conditions. 
Analysis of the transport characteristics of liquid films forming on the surfaces of 
condensing heat exchangers is perhaps the most likely on-design condition. The two 
surfaces explicitly examined by the model permit direct application to such equipments 
with both conical and flat plate surfaces, as  might be the case with equipment items 40 
and 42 respectively. ' 
E XPERIME NTA L EVA LUATIQN 
Requirements 
An experimental evaluation of the accuracy of the predictive aspects of the analytical 
model should include the following observations against each condition in both a set  of 
steady state and transitory operating regimes: 
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Table 16. - Examples of LSS Equipment Designs for which 
the Analytical Model Has Relevance 
m e n  Supply & Recovery 
Water Reclamation 
* Degree of relevance: "A" izPplies a high degree of relevance both M t o  
similarity of the mcdel t o  the equipment pceerses produced under the des- 
ignated mode cornbined with a high probability that the process w i l l  be ex= 
degree of similarity and '$" or probability of extension t o  similar desigm. tended into similar des 
Equipment type identified by LSS equipent reference m e r .  
M a n y  areas of the humidity control function were not included i n  the equip- 
ments for analysis, thus the paucity of entries especia,lly in the off- 
design mode. 
in updated systems, while "B" implies a lower 
a. Liquid-film thiclmess profile. 
b.  Liquid/gas interface geometry. 
c. Gas and film velocity (average). 
de  Gas and film temperature profiles. 
e. Gas superficial velocity profile. 
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The design of the experiments should be such that they include an examination of the 
potential effect on the model parameters of various values of the local inertial accelera- 
tion vector, especially with respect to film stability and transport rate. 
Lab0 rato ry Experiments 
Laboratory experiments designed to examine the validity of the Case 1 (flat-plate) 
analytical model should prove to be highly productive. The Case 2 Model (conical- 
surface system) as designed by the study is such that experimental evaluation under the 
influence of inertial acceleration field forces approaching o r  greater than l g  will produce 
minimal information ; thus, emphasis under normal laboratory techniques should probably 
be directed to the flat-plate surface only. Such experiments can logically include obser- 
vations of the previously listed film properties as they appear under the influence of 
various forces, including multiple orientation to the local gravitational vector. 
Reduced-Gravity Experiments 
Both the flat-plate and conical systems will require experimental evaluation under 
conditions where the values associated with the local gravity vector a re  sufficiently low 
to observe the film behavior when dominated by various combinations of the other forces 
involved. This is particularly true with the conical surface case where gashiquid shear 
forces a re  by necessity essentially nonexistent; thus, a design where the liquid film/ 
solid surface effects a r e  dominant and, as such, a system which cannot be readily con- 
trolled by a dynamical equipment process controller. However, simulation of the 
reduced-gravity situation under laboratory conditions through the use of balanced density 
fluid techniques and/or scale models of the system may be of value as aids in the design 
of experiments under reduced gravity through both short-duration (drop tower o r  KC-135) 
and long-duration (orbital space station) observations. 
Description of the Case 1 Experiment 
Major Goals 
Primary. - To determine if the analytical predictions satisfactorily delineate the 
actual characteristics of a thin liquid film forming on a solid surface and being trans- 
ported by the various forces involved, including those resulting from interfacial shear 
and surface tension at the gas-liquid interface and the local inertial acceleration vector. 
Special attention is directed to the conditions producing a transition from a stable to 
unstable film-gas interface. 
Secondary. - To examine various experimental test techniques, both for their 
applicability to laboratory testing and for their potential in the design of apparatus for  
experimental tests under reduced gravity. 
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Principal Ob s enations 
The experimental observations required included: 
a. Liquid-film thickness. 
b. Liquid/gas interface geometry. 
c. Gas and film velocity. 
d. Gas and film temperature. 
e. Gas superficial velocity. 
The experimental variables to be programmed against these observations included: 
a. A i r  flow rate. 
b. Liquid flow rate. 
c. Channel orientation. 
Criteria for Test Model Design 
The test model and its supporting apparatus were designed under the following 
criteria : 
a. Transport a i r  velocity controllable to support the development a i r  flow profiles 
ranging from laminar to turbulent. 
A i r  flow velocity sufficient to produce instability at  the gashiquid film interface. 
Liquid in-flow control sufficient to produce a continuous film under all conditions 
up to instability. 
Liquid in-flow control providing an initial velocity in the direction of the gas flow 
ranging from zero to slightly above that of the gas flow. 
Instrumentation to record the data required to define: 
1. Transport rate. 
2 .  
b. 
c. 
d. 
e. 
Critical film conditions as defined by 
a) Reynolds number. 
b) Weber number. 
c) Froude number. 
d) Stability criteria. 
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f .  
g. 
h. 
Gravity effects on film transport characteristics can be observed. 
Capability for visual observations and photographic data collection maximized. 
Maximum utilization of previously employed test apparatus e 
Test Apparatus 
The apparatus used in this experiment is shown schematically by figure 38 and 
e Shadowgraph Photography 
e Micrometer Probe 
e Photocell/Signal Averager 
pictorially by figure 39. 
and X-Y Plotter 
Lighting 
Diff'user/Filter 
Flow Channel 
Channel Inclination 
Adjustment 
Wave Form 0.1-1oO GPM 
"Perturb a tor" 
Figure 38. - Test Apparatus - Film Stability and 
Transport Flat-Plate Configuration 
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Air-stream control assembly. - The air-stream control assembly, essentially 
unmodified from Test 2, consisted of the following components: 
a. Blower. 
b. Plenum chamber. 
c Inclination pivot axis suspension. 
d . A i r  flow control, 
The plenum chamber provided a volume of approximately 13.3 ft3 over an inlet-to- 
outlet distance of approximately 5.7 feet. The exit end of the chamber was removable 
(typical over center compression ring clamp). An adapter section was incorporated 
into the exit end of the chamber to facilitate 1) channel inlet instrumentation mounting, 
2) channel attachment, and 3) minimum disturbance in the transition from plenum to 
channel stream velocities. 
The inclination pivot axis suspension was a simple double A-frame construction 
fabricated from 1.5-inch commercial pipe and Nu-Rail fittings. A i r  flow was provi ed 
in a controllable range from less than 1 ft/sec to well above 60 ft/sec in the 4.5 in. 
cross-section channel. 
t! 
Flow-channel and test-section assembly. - The detail configuration of the flow- 
channel assembly was influenced by a requirement that it be merely a simple modifica- 
tion of the Test 2 assembly. The flow channel was formed by two 6- by 84-inch parallel 
plates, one aluminum and the other lucite, attached at the sides by a 1.0- by 0.5- by 
84-inch lucite strip. A smooth transition from the plenum chamber to channel was 
accomplished as shown in Figure 40. Also shown are  the air  flow orifice box at  the 
channel outlet, and the flow plate. The injector plenum and knife injector are  shown 
in figure 41. 
The test section was comprised of the injector and film plate assemblies. The 
lucite film plate was mounted in the channel cutout with the working surface of the plate 
flush with the surface of the metal plate which formed the base of the channel. Sealing 
of the clearance between the channel and the plate was accomplished with nonhardening 
plastic sealing compound (Johns-Manville DUXSEAL). A metal coverplate was placed 
in the unused channel cutaway, The under surface of the plate was sanded to produce a 
'Irosted" condition required by the shadowgraph. 
3 The film injector plenum was constructed of aluminum plate providing a 148 in. 
capacity. It was mounted 1 inch upstream of the lucite film plate as shown in figure 40. 
Free-pivoting adjustable legs were attached to the channel to support the channel through 
a range of inclination angles both above and below the horizontal. 
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n-1T 
24 
t r e a m  Channel Scale s 1/10 Luclte 
Cover 3" x 4.5" 
Figure 40. - Channel Assembly 
-2.511- -1.i I 
I 
Adjusting 
Set Screws Open Cell Matrix 
Removable plate do Gasket 
(Injector Adjustment ) 
Scale Z l / 4  
- 4.0" - 
Mounting s c r e w  
Slots 
Figure 41. - Liquid Plenum and Knife Injector 
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Three film injector configurations were explored; namely, the knife, porous media, 
and open pool injectors. The knife injector illustrated by figure 41 produced a controlled 
smooth injection at a rate matching the channel air flow, The open pool injector was at- 
tained by merely removing the knife. In this configuration the initial acceleration of the 
liquid was attained through air stream drag forces, thus providing a straightforward 
means of observing its effects. The porous media injector was a modification of the 
open pool attained by placing an open matrix sponge material in the injector opening. 
Addition of the porous media reduced the disturbance of the liquid surface caused by the 
accelerating shear forces combined with impact with the channel base at the exit of the 
plenum chamber. Only the knife injector was used during the formal data runs. 
A 1-inch layer of the porous media was placed in the bottom of the plenum to reduce 
turbulence caused by liquid in-flow from the recirculation pump. An air injector was 
installed in the fitting at the inlet to the plenum chamber to produce a perturbation on 
the liquid in-flow. Triggering of the. injection was interlocked with initiation of the signal 
averager sweep. 
The water and glycol were dyed red with Schilling (2.5%) vegetable dye at  approxi- 
mately 1 ounce to 8 gallons of liquid. 
Instrumentation. - The major components of the instrumentation employed for the 
data runs included: 
a. A i r  flow orifice set  and water manometer, 
b. Photographic and shadowgraph components. 
c e 
d. Photocell film profile recorder, 
e. Photocell output voltmeters. 
Electromechanical wave height micrometer probe. 
Channel air flow was calculated from pressure drop measurements obtained with a 
water manometer (Charles Meriam Company, Model 34EHlOTM, scale vernier in 0.0001 
psi) and the appropriate sharp-edge orifice from a set  with individual orifices ranging 
in size from 0.1-  to 1.0-inch diameter. 
The shadowgraph wave forms appearing on the mirror suspended below the trans- 
lucent working section plate were photographically recorded. Motion pictures were 
taken with the Milliken, DB-4 Pin-Registered, Hi-Speed, 16mm camera. 
Wave height measurements were taken with a combination of devices. The electro- 
mechanical micrometer probe took measurements at four points along the centerline of 
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the plate, while the photocells recorded the wave forms in a band across the leading 
and trailing edges of the film plate. 
The photocell measurements were attained with two selenium photovoltaic cells 
feeding into a parallel circuit, one branch of which contained a 545 oscilloscope with a 
specifically designed amplifier and bias/gain adjustment unit, and the other branch con- 
tained an FT-1050 Signal Averaging Memory Unit and an HP-7035A X-Y Recorder. 
The diffused light source for the photocell sensors was supplied by two 35-watt dc 
lamps held approximately 14 inches above the channel working section. A lucite panel, 
the upper surface of which had been sanded and the lower surface coated with a green 
pliofilm filter, was placed on the upper cover plate of the channel immediately below 
the light source. 
In-progress monitoring of the two photocell outputs, providing an indication of aver- 
age steady-state film thickness, was made possible with two Triplett Model 630-NA 
Volt-Ohmmeters. 
Details of this instrumentation a re  shown in figure 42. 
Liquid circulation circuit. - The liquid circulation circuit was assembled from the 
heat and water exchange circuit of Test 2. The entire circuit is skid mounted. A l l  
components are  inherently corrosion resistant, i. e. , bronze, stainless steel, plastic, 
o r  plastic-coated except for flow meter A, which is isolated from the circuit except 
for the extreme high-flow runs. A flush drain has been incorporated to permit flushing 
the meter prior to use; it is considered desirable to minimize both dissolved and sus- 
pended salts which can alter both the physical and optical characteristics of the liquid 
and thus introduce experimental errors.  A sample port was provided to permit in- 
progress liquid characteristics analysis and a 10-micron filter was added a t  the pump 
outlet. Two liquids were sequentially used for comparative purposes, namely, water 
and-industrial quality propylene glycol, providing approximately a 1 to 20 ratio of 
viscosity. 
Test Procedures 
The concepts presented in the Test Plan were found to be generally applicable 
throughout. The guidelines for the test protocol were provided by data displayed in 
figure 43. Definition of the stability/instability transition points was adopted as the 
principal investigation. The stability parameter was the change in wave depth along 
the plate with an increasing depth indicating an unstable condition and a decreasing 
depth indicating a stable condition. 
For the most part the individual test runs were conducted by establishing both a 
specified liquid flow and a specified a i r  flow. When a change from a stable to unstable 
147 
f- Addust able i>c Power 
UV-35W 
(a 
\ - Ligh t  Diffluser 
. - c  
h ic i t e  L igh t  F i l t e r  (Green) 
Channel 
Cover 
Lucite Flat  Plate % 
Trailing Edge (TE) 
Photocell 
( In t  . Rectifier B-17 
Selenium ~ h a t o c e ~ )  
Leading Edge (LE) Signal 
I L I  
4-Air Stream 
- Injector Plenum 
Analog & Digital 
/ Data Display 
x-Y 
Plot ter  
Manual Microswitch 
Note: Working section and l ighting system a m  hooded, both to  
provide a "no-light" reference point and to  assure con- 
s i s ten t  control of the l i gh t  intensity entering the work- 
ing section, 
Figure 42. - Instrumentation Schematic 
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Figure 43. - Predicted Stability Region for  Defining Test Variables 
film was noted, a series of small changes in a i r  velocity o r  liquid injection rate, wk,: 
ever was determined applicable, was effected to more accurately locate the transition 
point . 
a. 
b. 
C. 
Each data run was conducted as follows: 
1- 
Record photocell voltage output with the channel in dry condition to provide a base- 
line for film thickness measurement (adjust light power if required). Manually 
record voltmeter reading with Signal Averager (SA) in memory storage mode. 
Establish test conditions according to protocol (channel inclination, a i r  flow, and 
liquid flow). Record all set  points and volt-ohmmeter readings. Maintain SA in 
memory mode. 
If flow perturbation required, switch SA to external sweep activation signal and 
activate manual perturbation switch. Repeat to produce three to five trial wave 
f o m  perturbations e 
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d. Set SA to deliver to the X-Y plotter both baseline data and a typical sweep from the 
several trial wave forms previously stored in SA memory and individually viewed 
on the SA scope, Activate X-U plotter andannotate the graphically displayed data 
with all state and condition data as previously recorded manually. 
Note: Changes from baseline values in either the light source intensity o r  the 
light absorption characteristics of the liquid due to changes in dye con- 
centration (mainly) will alter the measurements data accuracy. 
Test conditions were varied by changing any combination of the following experi- 
mental variables in the approximate ranges shown: 
a. 
b. 
c. Channel inclination - f15'. 
A i r  flow velocity - 0 to 32 ft/sec, 
Liquid injection rate - 1.1 to 5.5 gal/min. 
The calibration and trial runs were initiated on 14 November 1969. Formal data 
runs for the water/air system were initiated on 23 December 1969 and terminated on 
6 January 1970. Runs for the glycol/air system were initiated on 7 January 1970 and 
terminated on 12 January 1970. 
Test Data Summary 
Data was recorded against two sets of experiments, namely: 
a. Calibration and trial data runs - essentially instrumentation and test mode evalu- 
ation, modification, and calibration. 
Formal data runs - the major experimental variables were liquid mass flow rate, 
a i r  stream velocity, channel inclination, and liquid characteristics. The principal 
observable was film thickness while the principal determinant was change in wave 
height along the channel. 
b. 
Calibration and trial data runs. - A series of experiments involving various ap- 
proaches to shadowgraph (ref ractjve, absorptive) photoanalysis (light intensity) in the 
determination of wave form and film thickenss indicated that severe pmblems were 
inherent, not the least of which was the long delay time in obtaining the results of the 
analysis, Reduction of this delay time is possible but requires on-line computer analysis 
which is beyond the scope of this contract. The nature of the experiment called for a 
directly interpretable and essentially instantaneous readout. A s  previously discussed, 
the investigation led to the adoption of the photocell system employing the Signal Averager 
(SA) and X-Y plotter. The results of the major calibration and trial data runs for the 
final system are  summarized by figures 44 through 51 and tables 17, 18, and 19. A l l  
test procedures were investigated and determined workable. 
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Figure 44. - Flow Meter Calibration 
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Figure 45. A i r  Flow Calibration 
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Figure 46. - Photocell Calibration 
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Leading Edge Cell (MV) 
Calibrat ion Run - 5 January 1970 
300 
Trai l ing  Edge Cell (MV) 
Figure 47. - Typical X-Y Plotter Scale Calibration 
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A. Water-Air S y s t e m  (Refractive Technique) 
B, Glycol-Air System (Absorption Technique) 
Note: Photographs are taken f r o m  high-speed motion pictures; 
A i s  Run #6 f r o m  Set B is l?un #6 f r o m  Set e,, 
Figure 48. - Shadowgraph Photographs 
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Figure 49. - Photocell Traces of Movie Runs, Set 2 
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Figure 50. - Typical Wave Patterns - Photoelectric 
Trace, Single Versus Average Sweep 
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With Pulse A 
Without Pulse B 
i 
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Note: Both runa were made with: 
1.5" x ,050 (35 SCFM) 
Glycol-Air System 
Channel HorilGontal 
455 (0.72 gpm) 
Figure 51. - Waveform Perturbation Effects 
Table 17. - X-Y Plotter Calibration Data 
Date 
12/24/69 
1-5-70 
1-6-70 
1-7-70 
1-8-70 
1-9-70 
* LEC = Leading Edge Cell (Upstream) 
TEC = Trailing Edge Cell (Downstream) 
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Formal data runs. - The formal data runs were conducted against each of two fluid 
systems, namely, water/air and propylene glycol/air. The principal means of wave 
form data recording was with the X-Y recording of the output of the two photocells. A 
secondary means was shadowgraph photography. Full scale copies of the actual X-Y 
traces were made (ref. 3), a sample of which is shown by figure 52. 
3 00 0 
I 
10 
I 
I 
[ E;: 
1-IN. BY 0.103 
Dry Channel Baseline Sensor Voltage (mV) Leading Edge Sensor. 
Film Thickness Indicator - Values obtained from calibration scale. 
Sensor Voltage Trace for Flow Condition, Trailing Edge Sensor 
Test Run W-3 (Water/Air), Liquid Flow at 64 on B rotometer, with 
air flow indicated at a AP of 0.103 with 1-inch orifice. 
Figure 52. - Sample Data Recorded by X-Y Plotter 
Critique of Test Design 
With the exception of the problems associated with the inherent difficulties with 
measurement accuracies of the film profile, the general approach to the test design 
appeared to be straightforward, tests were easy to manage, and construction costs 
were low. The approaches followed and the instrumentation information compiled can 
be recommended as a guide to future test designs for experimental studies involving 
film stability and transport phenomena. 
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Instrumentation. - It became apparent during the trial data runs that the instrumen- 
tation required to define the characteristics of the film profiles with sufficient detail and 
certainty to adequately examine the principal thrust of the experiment (that of the accuracy 
of the stability criteria developed as part of the analytical model) would require consider- 
ably more experimental investigation than had been anticipated. The need to determine 
not only the general wave form along the working section but, more importantly, to 
accurately determine the change in the wave form, the critical parameter of the stability 
criteria, required precise and essentially in-progress data interpretation. The initial 
concept that the mechanical micrometer probe and high-speed motion pictures would be 
adequate was seen as  incomplete. Several techniques were examined to increase the 
precision and accuracy of the measurements. 
Following a series of experiments, a refractive shadowgraph technique was devel- 
oped which significantly increased the value of the photographic data. The shadowgraph 
image appearing on a mirror suspended below the channel was photographed. Subse- 
quently, shadowgraph analysis relative to the determination of wave velocity, wave length, 
and wave height indicated that light absorption techniques were superior to the light refrac- 
tion techniques originally employed. In the latter, a point light source above the stream 
is used to project the wave pattern on the pickup mirror. In that case the bottom of the 
film plate is 'Yrosted. 
The absorption technique, on the other hand, operates with a diffused/filtered light 
source above the channel with the liquid dyed to increase absorption. One method of 
interpretation might use a chart relating various wave photo shades to wave (film) thick- 
nesses as  calibrated by other measurement techniques employed. 
Modification of the micrometer depth gauge from a purely mechanical probe to an 
electromechanical probe greatly increased its utility. 
The third method of determining change in wave height along the plate found to be 
most practicable was the dual photocell pickup. Several other techniques had been ex- 
amined, including the use of a capacitance sensor suspended above the film, and several 
variations on the shadowgraph technique. 
Initially the output of the dual photocells, as modified by the amplifier stage, was 
fed to separate channels of an oscilloscope where the data from each sensor was ob- 
served and compared. It soon became apparent that although this approach could supply 
the measurements required, it left much to be desired in terms of both the recording 
and retention of data for evaluation and the precision of readout. To overcome these 
problems the Fabri-Tek FT-1050 Signal Averager and HP-7035A X-Y Recorder were 
examined. This made it possible to obtain a scope sweep readout representing a single 
wave form o r  average (essentially noiseless) trace of several wave forms. Addition- 
ally, the unit makes it possible to obtain a digital readout for any selected portion of 
the trace. Finally, the data can be stored for subsequent scope display and/or recording 
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by the X-Y plotter. Numerous variations of these basic capabilities a re  available. The 
major problem encountered involved the development of a workable calibration technique. 
The technique finally developed and described herein proved to be reasonably straight- 
forward and would be followed in future laboratory tests if such were to be undertaken. 
Film plate length. - Measurements of the film wave characteristics, particularly 
as associated with the investigations of the stability criteria, could have been made 
easier if the length of the film plate was greater than the 12 inches provided. During 
the trial runs serious consideration was given to modification of the working section to 
provide a plate of at  least 24 inches, and possibly as much as 36 inches. However, 
the decision to design and install a highly sensitive measurements device was followed, 
principally because so doing would provide a greater contribution to the design of appar- 
atus for the reduced-gravity tests. 
CORRELATION OF ANALYTICAL AND EXPERIMENTAL OBSERVABLES 
Correlation of film stability and thickness predictions with the evidence obtained 
from the analysis of experimental data will be graphically presented. Functional sim- 
ilarity is the criterion for correlation. 
Predictive Data 
Figure 36 has illustrated the type of predictive data characteristic of the analytical 
model under development for the Case 1 application. In addition, programs SHEAR and 
RECRIT were developed to formulate guidelines for experiment design (Appendix B of 
ref. 3). 
Program SHEAR provided graphical relations of gaseous shear and liquid shear as 
a function of flow rate with film thickness as a parameter. By equating the shear at the 
interface for the two phases, a plot was developed in the form of figure 43. This plot 
predicts a specific film thickness for gaseous and liquid flow rates which are test vari- 
ables. Program RECRIT results in a liquid interface velocity of neutral stability for 
each selected film thickness. Thus, RECRIT defines a line of stability on figure 43. 
This working plot provided the set  points for obtaining data with an intent to establish 
the validity of the neutral line location. 
Experimental Data 
A total of 135 runs, 100 with air/water and 35 with air/proplyene glycol, were 
performed in evaluation of the stability of films flowing concurrent with an air  stream 
163 
in a horizontal and slightly inclined channel. Details of the test configuration and raw 
test data a re  presented in reference 3. Film thickness, flowrates, and stability data 
were obtained. The complete listing of reduced data is presented in Appendix A of 
reference 4. A brief listing of the runs conducted with various channel elevations is 
presented in table 20. Small change in channel elevation had notable effect on film thick- 
ness, but less direct effect on the stability evaluation. A i r  velocities ranged from 0 to 
36 ft/sec, bulk water velocities 0.14 to 3 . 2  ft/sec, and propylene glycol 0.05 to 0.63 
f t/sec. 
Table 20. - Channel Orientation 
- RUN ELEXATION ANGLE * 
w-1-33 
W-34-42 
W-43-51 
W-52-63 
W-64-73 
W-74-83 
w-84-99 
G-3-14 
G-15-35 
-Vel 
Up 0.167 in. +0"57 ' 0 999% 
-Vel 
Down 1.0 in. -5 "45 0 99497 
Down 0.06 in. -0"20' 0- 99998 
~ ~ w n  0.&64 in. -1O31' 0 99965 
up 0.06 in. +0"20' 0 99998 
Down 0.264 in. -1"3it 0 99965 
ravel 
- 
The raw data include voltage traces for photo cells at two locations along the chan- 
nel for no liquid present and with liquid flowing with a pulse superimposed on the flowing 
liquid. From the traces made on the X-Y plotter, the voltages of the upstream and down- 
stream locations for level flow and for the pulse a re  determined from calibration data 
of the plotter. These ratios of wet to dry voltage provide a measure of film thickness from 
calibration data obtained with a micrometer on a quiescent film. 
Film stability has been defined as a disturbance (wave) which amplifies (unstable) 
o r  decays (stable) as it moves downstream from its source. Thus, a comparison of 
wave heights at  two stream locations defines stability of the flow. Criterion established 
rather arbitrarily here is R, the ratio of wave height downstream to upstream, < 0.8 is 
stable, >1.2 is unstable, and 0.8 s R s 1.2 is marginal stability. Questions relative 
to the selection of this criterion a re  discussed subsequently in the section headed 
"Impact on the Analytical Model. 
computer program REDATA. 
Values of R were computed for all runs with the 
The raw data were reduced to provide an evaluation of Q as defined in equation (17), 
where all velocities refer to interface values. Since upstream and downstream film 
heights vary, dimensionless Fr We numbers a re  evaluated at average liquid inter- 
face velocity and film height. Note that Re has the product U.h which is independent 
1 
164 
of location; h increases as  U decreases for constant flow rate. Throughout the analysis, 
some comparisons were made for film conditions while others are  at bulk liquid rates. 
Where film height is used independently, the downstream value has been selected, and 
similarity U downstream is plotted rather than average values. 
Small changes in channel elevation were made to evaluate the effect of this variable 
on the data. A s  indicated in table 20, the change resulted in only the smallest variation 
in g/go, the latter being proportional to the cosine of the slope. For each elevation, runs 
were conducted a t  similar flow rates to provide a comparison for film height and stability 
analysis. These comparison runs are  tabulated in table 21. Similarily, repetitive runs 
were made to evaluate reproducibility of stability and film thickness data. 
also included at  the bottom of table 21. 
Table 21. - Comparison Runs for Effects of Channel Slope 
Liquid 
gpm 
0.80 
0.80 
0.80 
1.60 
1.60 
1.60 
1.60 
3.50 
0.32 
0.71 
Gaar 
sctm 
37.0 
43.0 
56.0 
37.0 
40.0 
44.0 
48.0 
.- 
13.0 
34.0 
22.0 
-5 "45 
w-56 
W-56 
w-54 
--- 
-e.. 
w-63 
w-59 
--- 
-e- 
Replicate m s :  w-1647; 
-1.~31' 
W-78 
w-79 
W - 8 0  
w-74 
w-75 
w-76 
w-77 
w-83 
G-19 
G-24,25 
-0O20' 
w-70 
w-71 
w-73 
w-67 
W-68 
w-69 
w-65 
--- 
--- 
--- 
Level 
W - 1 8  
w-16,17 
w-31 
w-32 
W-14 
--- 
--I 
w-10 
G-3 
G-8 
+O020' 
w-89 
w, 90,91 
w-92 
w-96 
--- 
-e- 
--- 
w-99 
--- 
e-- 
Of the seven series of repetitive runs, only one set  resulted in producing reprodue- 
ible data on film stability. In several other instances, one case appears to be stable 
while the other appears as unstable. This points out one of the difficulties in obtaining 
quantitative data in this area. Heights of films without the pulse indicate good repro- 
ducibility and suggest the stability analysis may suffer from characteristics of the 
pulse o r  disturbance. 
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The movie coverage a t  200 frames per second provides a good working tool for an- 
alysis of wave (disturbance) patterns and provides a measure of disturbance velocity. 
The light absorption characteristics of the fluid further provide a visual observation of 
wave decay which can be used to evaluate stability. This decay occurred too rapidly to 
visually detect during the experiment. The movie provides data on film surface charac- 
teristics for various flow rates, without the pulse superimposed. Improvement in tech- 
nique could be achieved by a visual indication of the initiation of the disturbance. Pro- 
gram schedule constraints precluded a fully developed analysis of the movie data. Further 
exploitation of the movie data is required prior to subsequent experiment design. 
The physical properties of the water and propylene glycol varied significantly in 
viscosity (0.00063 and 0.01413 lbm/ft/sec) respectively for a 22-fold change while sur- 
face tension varied only two fold (0.004 and 0.0024 lbf/ft). From analysis of the data, 
i t  appears that i t  may have been desirable to vary surface tension independent of viscos- 
ity by adding surface tension depressant to water achieving a two-to-three-fold reduction 
in surface tension while only slightly changing viscosity. Surface tension and gravity 
influences on stabilizing the film were a test objective; however, the radical change in 
viscosity may have masked the surface tension effects. This difficulty is emphasized 
when one considers that the Reynolds numbers for the propylene glycol runs lie below 
the so-called critical Reynolds number of 200 for which all flows are  stable. Most of 
the propylene glycol runs were judged as  being unstable, and are  further discussed in 
the data correlation section. 
Data Correlation 
The two variables correlated a re  determined from raw data describing thin film 
flow in a nearly horizontal channel. A stability model defines a relationship between 
dimensionless numbers, Reynolds, Froude, and Weber. Regions of stable and un- 
stable films are  defined on a graphical presentation of the relationship as shown by 
figure 36. The stability of the films a re  judged from the value R, the ratio of wave 
heights at  two points along the stream flow. The other liquid film under the correlation 
is the film height, h, during steady-state flow for a liquid film under the influence of 
drag by a concurrent a i r  stream. Although the ultimate purpose of this study is the 
stability criterion of film under varying gravity and surface tension forces, the thickness 
of the film must be investigated as an initial step. 
Film Thickness Characteristics 
Program SHEAR was prepared from an amplification of the analytical model and 
equates interface shear for  the two phases. The liquid phase shear is based on liquid 
viscosity and a linear velocity profile in the liquid. The gas phase interface shear is 
based on friction factors for turbulent stream gas flows. Predicted results in this data 
correlation section were obtained from SHEAR. 
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During exploratory checkout of the experimental equipment, preliminary data were 
obtained on liquid film thickness for various experimental conditions of flow and channel 
slope. In figure 53, data are presented for several liquid rates with zero a i r  flow in a 
horizontal channel. As expected, this leads to a piling up of fluid near the inlet slit 
which runs along toward the outlet. This data reflected the thickest film to be expected 
at  even the lowest airflow rates. A second test evaluated the film thickness in a closed 
horizontal channel for various water rates at  a constant a i r  rate of 29.6 scfm (18 f t /  
sec). In figure 54 an interesting behavior is found for  low liquid flow, i.e., compara- 
tively thin films. Thin films have a high shear rate; thus, for films of different heights 
under equal a i r  stream shear, it  is reasonable to assume that the very thin films will 
tend to thicken. As the thick films a re  accelerated by shear, they decrease in height. 
A more lengthy period of observation in a longer channel would contribute to a more com- 
plete analysis of this phenomenon. However, in that a constraint was placed on the 
design of the experiment requiring that the experimental apparatus be a reasonable 
ap2roximation of or at  least relatable to space flight experiments, the short channel 
was mandatory. 
Data on this subject in the open literature a re  limited. When the channel was 
slanted downward one percent, slightly more than 1/2 degree, considerable effect on 
film thickness was noted for constant air drag. The comparisons a re  presented in 
figure 55 for several water flow rates. The increase in downstream liquid height at 
low flow rates is less significant for down sloping channels as would be anticipated. 
For only this slight change in channel slope, a change in physical appearance of the 
film for identical flow rates was observed. The thinner films in the sloping channel 
were notably more stable. 
Excellent agreement is shown in the correlation of liquid film height with the 
Reynolds number of the gas phase (figure 56). Hanratty and Engen (ref. 5) had deter- 
mined a correlation for film thicknesses of 0.15 to 0.20 inch. This work extended the 
same correlation line to films as thin as 0.015 inch. Although the data have some 
scatter, the correlation appears valid.* This type of correlation obviously is dependent 
on some observed characteristic of liquid flow or  behavior. Hanratty describes his 
correlation applicable to a first transition, one from a smooth surface to a pebbled 
appearance. He defined second and third transitions as  changes to squalls and roll waves 
on the surface respectively. These three qualitative observations a re  not directly re- 
latable to our stability criterion. The data points of this work which were marginally 
stable, 0.8 < R < 1.2 ,  lie close to the correlation line in figure 56. These workers 
also developed correlations for the three transitions described for the liquid and gas 
Reynolds numbers. The marginal stability data of this work do not satisfactorily corre- 
late with any of the figure 57 correlations by Hanratty (ref. 5, 6). 
* Note that the propylene glycol data is a significantly different data set and is not 
correlated well by the water correlation. 
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Fulford (ref. 7) discusses many correlations of film thickness with the Nusselt 
film thickness, NT, as a function of liquid Reynolds number 
This has applicability to sloping channels but with horizontal channels, sin 0 goes to zero, 
Results for  sloping channel runs of this test series are  compared with theory in figure 
58. Agreement is good over a wide range of values, and film thickness is predicted 
within 15 percent. Correlations with gas stream drag present were not available in the 
literature for other than vertical channels. 
The importance of changes in channel slope on film thickness is of immediate inter- 
est  since film stability is influenced by film thickness, and i t  is unrealistic to attribute 
stability changes to channel slope which actually are  only the result of thinner films. 
The experimental design set  points of table 2 1  afford the data to examine effects of slope 
at several flow conditions. The data are  presented in figure 59. The influence of slope 
is more prominent for plus degree o r  slope up, but down sloping channel runs do posses 
somewhat thinner films. The lower values at  level than at -20 minutes slope are most 
probable data error  in the former readings. Those points represent some of the earlier 
test data. 
Film Thickness Correlation 
In figure 60, the predicted liquid heights a re  presented as a function of liquid and 
gas bulk velocities. The predicted values a re  determined from program SHEAR using 
standard shear stress/friction factor relationships for smooth surfaces. These rela- 
tionships with program SHEAR are  presented in Appendix B of reference 3 .  A s  expec- 
ted, considerably higher gaseous shear is expended in dragging the rough surface film. 
Comparing the predicted air  velocity with that observed for a given run, a predicted 
gaseous shear velocity requirement two-fold o r  three-fold higher is not uncommon for  
the horizontal channel water data. Hanratty (ref. 6) refers to a distortion factor of the 
gas velocity profile which may result in gas shear 2 . 5  higher than predicted; this phen- 
omenon is in accord with experimental results here. The factor for each test data point 
can be found from the ratio of predicted required air  velocity versus observed at  each 
point for a constant liquid depth, i. e., for  run W-25, 1 3 . 0  ft/sec versus 9 . 0  ft/sec is 
a 1.4 higher shear force measured than predicted. 
An excellent survey of the characteristics of film flow has been prepared by Fulford 
(ref. 7). His  discussions served as  an excellent guide to the literature in specific 
areas. A continuing investigation of films has been conducted by Hanratty and others 
(ref. 5, 6, 8) at the University of Illinois. His  findings on channel length for good 
observations and methods for introducing the liquid film confirm the findings of this 
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work. Dukler (ref. 9) has conducted extensive investigations on films and heat transfer. 
His remasks are pertinent in the considerations for condenser design. 
Film Stability 
The experimental data was processed to provide the necessary variables for com- 
parison with Miles Model (equation 16) (ref. 10). The data was reduced with REDATA 
to provide the variables 01, a function of Froude and Weber number, and the variable of 
the critical Reynolds number based on interface velocity. The steps in the data reduc- 
tion process to define these quantities as well as the program source listing and sample 
output are  presented in Appendix B of reference 3. With a film thickness ranging from 
0.008 to 0.219 inch in the horizontal channel with water, Froude number was varied 
from 1.4 to 4000 and Weber number from 3.3  to 130. This wide range of independent 
variables resulted in values for of 0.025 to 1.0 for water in the horizontal channel. 
The results of this correlation a re  presented in figure 61. The agreement with the 
model is considered to be excellent. A s  expected, points of marginal stability, 0.8 < 
R < 1.2 ,  bracket the theoretical correlation line while stable and unstable values depart 
from the line of neutral stability. The preponderance of unstable points in the stable 
region suggests the curves should be displaced to the right o r  downward. The manner 
in which Miles derived the theoretical model as a locus of minima of neutral stability 
curves would suggest some stable points could lie in the unstable region, but not the 
converse as observed. To complete the presentation of this data, points for all runs 
other than W-1 to 33A and W-13 to 51, which are  horizontal water data, a re  presented 
on figure 62. These data are not conclusive as the horizontal channel data but the same 
comments on unstable points are  valid. All  glycol runs lie to the right of = 0.35 and 
below Re of 100, but were not judged as exhibiting the stable nature suggested by their 
location with respect to the neutral stability line. 
The "Rff criterion as applied to the analysis of data obtained from the glycol runs 
indicated that errors  existed in one o r  more o r  a combination of the following areas: 
a. 
b. 
c. 
d. 
Incompatibility of the model with highly viscous fluids 
Predictive location of the neutral stability line 
Application of the R criterion in the analysis of data 
Experimental e r ror  o r  bias imposed by 
1. Wave pulse dynamics 
2. Channel form interactions 
Further discussion of this can be found in the section headed 'Impact on the Analytical 
Model. 
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An alternate, useful form of data presentation results from a combination of pre- 
dictions from SHEAR with the liquid velocity/film height data obtained from RECRIT. 
The bulk liquid velocity for a given film height and its stability characteristic for a given 
gas velocity can be defined from figure 63. Since interface shear factor was considered 
to be unity, the predictive lines for film height would move to the left as interface shear 
is doubled to account for surface roughness. Only random data points were selected from 
the horizontal water data. Figure 63 is a generalized representation of figure 43. Simi- 
la r  data a re  shown for the proplyene glycol system in figure 64, but the neutral stability 
prediction is absent as per the discussion of figure 62. Similar comments to figure 63 
on the film height predictions hold true. 
The effect of channel slope of film stability is represented in figure 65. This graph 
must be intrepreted in light of the changes in film thickness shown in figure 59. Within 
the scope of this effort, i t  is not possible to separate these effects. It is significant to 
point out that film thickness varied more than two-fold, while gravity level affecting 
stability varied only 1.2 percent. Thus, when the influence of gravity field is consid- 
ered alone, one might expect little influence on the stability variable, R. Such results 
were reflected in the comparison of data for various slopes with that of a level channel, 
figures 61 and 62. 
Results of the Experimental Evaluation 
Impact on the Analytical Model 
Impact on the analytical model for film height, SHEAR, and the correlation by Miles 
for film stability were both noted from experimental results. It became quite obvious 
when results for film height were compared with predictions that the predicted film 
heights were too thick. A s  indicated by other investigators, rougher films under the 
drag of an air stream have a high interface shear. The model was changed to account 
for this with inclusion of an empirical factor, @, which increases the gas shear by a 
factor of 2.0. A difficulty here is that some data points indicated the factor to be 1 . 5  
while others suggested 2.5. Thus, 2.0 is a compromise value to bring more of the 
data closer to the prediction. 
For the stability model, the water results for the horizontal channel did bracket 
the theoretical prediction and did not afford sufficient disagreement to suggest a change 
in the model, The model appears quite adequate for water under lg conditions. The 
experimental data lying within the marginally stable area give confidence in the sensi- 
tivity to stability. 
The propylene glycol provided some very interesting results in that the high viscos- 
ity of the fluid caused all liquid Reynolds numbers to lie below 200, which is the mini- 
mum Re for  instability. Most of the runs were defined as unstable according to the R 
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criteria as  applied, similarly many runs were defined as unstable with values of 
01 > 0.33.  
A t  the conclusions of the data analysis and correlation, the movie data were again 
reviewed by the authors in a specific attempt to provide an insight into the problems 
relative to the analysis of the glycol/air system data against the stability predictions. 
Several observations are  considered pertinent to the development of an understanding 
of the apparent anomaly. Although i t  has not been possible to attempt a quantitative 
analysis of the observations and thereby form the basis for re-evaluation of the corre- 
lation of data, it is believed that such is practicable. The observations can be sum- 
marized as follows and illustrated by references to the shadswgraph photos of figure 48. 
a. 
b. 
C *  
d. 
Parabolic wave front patterns were typical of the glycol/air system but not observed 
for the water/air system. The parabolic pattern undoubtedly results from the vis- 
cous sidewall drag. It is estimated that the resulting sidewall boundary layer ex- 
tends to 20 to 30% of the channel width. The curvature illustrated by figure 48 is 
less severe than that observed for the majority of runs. 
The curvature of the waves appeared to be increased as they moved along the channel 
resulting in positive wave interference o r  coalescence which in effect appeared as 
increasing wave height. 
The influence of the wave pulse generator was pronounced with the glycol runs. 
Although the movies for the water/air system runs were taken prior to the installa- 
tion of the pulse generator and thus no direct comparison could be made, the ob- 
servers agree that observations during the course of the experiment indicated that 
the pulse generation effects appeared to be less significant in terms of wave build- 
up for the water/air system. 
The water waves rather than forming a parabolic front and eventually coalescing, 
degenerated into random frequency disturbances. 
An intuitive analysis of the implications of these observations would tend to indicate that 
the following tentative conclusions a re  appropriate: 
a. 
b. 
C. 
The behavior of glycol-air system was highly distorted by the channel interaction 
and pulse generation effects creating apparent instability as initially judged by the 
R criterion when in fact the film was fundamentally operating in a stable mode as 
correctly predicted by the analytical model. 
A more experimentally manageable stability criterion may be indicated such as 
one based on wave frequency characteristics. 
With this increased understanding a re-examination of the data might well indicate 
an acceptable degree of correlation between predicitive and experimental observa- 
tions relative to the glycol/air system stability without altering the criterion. 
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Recommendations for Further Experimental Evaluation 
Laboratory experiments. - This laboratory experiment verified techniques highly 
suited for  this type of analysis. Two areas could have been improved upon and should 
be the subject of further laboratory investigation. The length of channel to obtain good 
stability data and achieve film of relatively constant height should be determined. Fur- 
ther work should be done in the investigation of the effect of variations in surface tension 
with viscosity and density held constant. This work indicated that at  high Froude num- 
bers, variations in surface tension could result in a two-fold variation in the range of 
a, the independent variable in the stability correlation. 
Reduced-gravity experiments. - Although the period required for attaining process 
stabilization following a change in g-level is relatively short; i. e . ,  in the range of a few 
seconds, and the steady-state observation periods a re  likewise relatively short, also in 
the range of a few seconds, the overall stabilization period is in excess of that available 
for most ground-based facilities. The KC-135 may provide sufficient dwell time at a 
sufficiently low and stable g-level to be of potential value. However, it is considered 
that the manned orbital space station is ultimately required and thus should be consid- 
ered the prime source of data. 
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ANALYTICAL MODEL NO. 4 - "INERTIAL SEPARATION" 
Nomenclature including subscripts for the inertial separation calculations is given 
in table 22. Note that a separate list is given for  case 1 screen separator, and two 
separate lists are  given for  case 2 vortex separator. 
Table 22. - Nomenclature for Inertial Separation Calculations 
Case 1 Screen Separator 
A 
c 
D 
d 
F 
f 
43 
k 
L 
R 
n 
P 
Pt 
Re 
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area - cma 
drag coefficient - dimensionless 
energy loss  coefficient f o r  droplet deformation - dimensionless 
pore characterist ic length (diameter) - cm 
force - dyne 
f r i c t ion  (adhesion coefficient)  - dyne/cm 
acceleration of gravity - cm/sec2 
s l i p  r a t io  - dimensionless 
system characterist ic length - cm 
length - cm 
number of screen pores covered by drop - dimensionless 
pressure - me/cm2 
penetration parameter - tiyne/cma 
Reynolds number - dimensionless 
Table 22. - Nomenclature for Inertial Separation Calculations, ConM 
s so l id i ty  - dimensionless 
t time - sec 
u 
v volume - cm" 
v droplet velocity - cm/sec 
We Weber number - dimensionless 
a i r  stream velocity - cm/sec 
Greek 
CY surface tension force constant - dimensionless 
angle between impacting drop and gravity vector - degrees 
screen angle i n  drop tests - degrees 
turbulence energy dissipation - cma /see" 
angle impacting droplet makes w i t h  screen - dimensionless 
angle a i r  flow m a k e s  w i t h  screen - dimensionless 
droplet characterist ic length (diameter) - cm 
dynamic viscosity - gm/cm-sec 
kinematic viscosity - cm'/sec 
mass density - gm/cc 
surface tension coefficient - dynes/cm 
porosity - dimensionless 
contact angle - degrees 
Subscripts 
a adhesion 
C capil lary 
d drag 
Q gravity 
i internal  
P liquid 
P pressure 
st surface tension 
t t o t a l  
V i n e r t i a  (velocity) 
1 upstream 
2 downstream 
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Table 22. - Nomenclature for Inertial Separation Calculations, ConM 
Case 2 Vortex Separator - Cylindrical Section 
A 
B 
C 
F 
@; 
m 
I- 
I-* 
U 
V 
W 
a; 
z* 
P 
4J 
dimensionless parameter 
dimensionless parameter 
vortex strength - cm /see 
momentum tranafer parameter - l/eec 
acceleration of gravity - cm/sec 
particle flux - gm/sec 
radial coordinate from cylinder axis - cm 
dimensionless radial coordinate 
radial velocity - cm/sec 
azmuthal velocity - cm/sec 
axial velocity - cm/sec 
axial coordinate - cm 
dimensionless axial coordinate 
2 
2 
mass density - g/cc 
stream function - gm/sec 
Subscripts 
0 at z = o or at r = o 
1 initial position 
W cylinder wall 
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Table 22. - Nomenclature for Inertial Separation Calculations, ConM 
Case 2 Vortex Separator - Conical Section 
E 
Fr 
g 
K 
M 
m 
P 
R 
r 
U 
V 
W 
Greek 
CY 
A 
6 
T 
8 
P 
U 
P 
hz 
dimens ionless parameter 
Fmude number - dimensionless 
acceleration of gravity - cm/seca 
dimensionless parameter 
dimensionless mass flow ra t e  
mass f low r a t e  - gm/sec 
pressure - dy-nes/cm 
distance from vertex along cone surface - c m  
distance perpendicular t o  axial planes - cm 
radia l  velocity - cm/sec 
velocity perpendicular t o  R - cm/sec 
velocity perpendicular t o  axial  planes - cm/sec 
vertex half-angle - radians 
dimensionless length increment 
boundary l v e r  thickness - cm 
dimensionless coordinate 
angle a radius vector makes with cone axis - radians 
dynamic viscosity - gm/cm-sec 
kinematic viscosity - cm2/sec 
m a s s  density - p / c c  
circulation (vortex strength) - cm2/sec 
Sub scr ipts  
h heavy f l u i d  (l iquid) 
.$ l ight  f lu id  (gas) 
o 
1 dimensionless 
length of side of cone 
189 
DESCRIPTION OF THE MODELS 
Two analytical models have been developed which describe the behavior of a liquid 
and a transport gas stream reacting to the forces applied in each of two approaches to 
liquid/gas (water/air) separation e These are  Case 1, hydrophobic screen separation, 
and Case 2, vortex separation (ref. 1). 
In both cases the water/air mixture is moved through the system initially as a 
liquid dispersoid transported in the gas stream and terminally as separated and inde- 
pendently transported streams: one channel operating to transport an "air-f ree" liquid 
stream, the other a 'liquid-free" a i r  stream. In additionto the inertial forces involved 
in the processes, gas stream interfacial shear and liquid/solid surface effects a re  
treated. Figures 66 and 67 schematically illustrate the nature of the two systems. 
The model considers the effects on the predicted behavior in each of the two cases 
resulting from variations in a broad range of parameters such as: 
a. 
b. 
c. 
d. 
e.  
f .  
g* 
h. 
i. 
j .  
k. 
Gravitational field strength and orientation (the local g vector). 
Dispersoid velocity. 
Dispersoid size. 
Gas stream velocity. 
Dispersoidal impact angle. 
Solid surface (s) characteris tics (physical). 
Fluid characteristics (physical). 
Interfacial shear. 
Droplet adhesion. 
Gas pressure drop. 
Liquid outflow rate. 
Special emphasis was placed in each of the two cases on the behavior of the liquid 
in its transition from a distribgtion of impacting dispersoids to the controlled movement 
of a droplet o r  liquid film. 
The models a re  so designed as  to be of potential value in the development o r  analysis 
of LSS equipments where phase separation is required. The two cases treated herein 
can be related to a broad spectrum of separation techniques spanning, at  least in part, 
essentially all of those being proposed for  the near term future. The models should 
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help in solutions to such design questions as appropriate screen configuration, disper- 
soid impact velocity and angle, required "centrifugal field strength, " and optimum o r  
expected flow field distributions e 
Liquid RemovaJ. Device 
-/(not included in model) 
/ / / / / / / / /  / / A  
1 
/ I / / / / / /  
0 
0 
0 
0 
Liquid "Free" 
0 - Gaa 
0 
Hydrophobic Screen 
0 GQ = gs" 
Ji4 GW Stream & - 0 6 
0 
Entrained Droplets 
u 
Figure 6 6 .  - Case 1, Analytical System Schematic - 
Two-Stage Screen Separation 
J 
Liquid 
Gas Stream & 
Entrained Droplets 
Figure 67. - Case 2, Analytical System Schematic - 
Cone Centrifuge Separation 
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Case 1 - Hydrophobic Screen Liquid/Gas Separation 
Behavior of droplets on hydrophobic, i. e., %on-wetting" porous materials, is the 
consideration of central importance for evaluation of the effectiveness of the liquid/gas 
separation system shown in figure 66. 
To properly determine this behavior, several features of the flow of gas with en- 
trained liquid droplets must be known. These are: 
a. Droplet adhesion on surfaces. 
b. 
c. 
Entrained drop velocities and sizes. 
Gas pressure loss through the basic porous medium. 
These problem areas will be analyzed separately and the resulting relationships 
will then be used to determine droplet behavior on the porous material. 
Angle conventions and terminology used in the hydrophobic screen liquid/gas 
separation model are  presented in the sketch. 
/ ., .... . U 
I 
Droplet Adhesion 
The adhesive forces between a liquid and a solid surface account for a variety of 
droplet phenomena including the 'Is ticking" tendencies of small droplets on hydrophobic 
materials and the rolling action of larger drops on these %on-wetting" surfaces. 
On horizontal surfaces the shape of liquid drops will be influenced by liquid surface 
cohesion, attempting to reduce the surface area and attain a spherical shape. Gravity 
forces will cause the bottom of the drop, where the pressure exerted by the column of 
liquid is greatest, to try to expand. Adhesion forces between the drop and the solid 
establish the angle of intersection of the liquid and solid surfaces. A very small drop, 
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fo r  example, will be drawn into a nearly spherical shape because liquid head is domi- 
nated by liquid surface cohesion. For any size drop, however, the contact angle will 
not change. 
An heuristic model of a rolling drop can 
be easily created with a loop of sticky tape 
as shown in the sketch. 
A s  the tape is rolled over a surface, 
resistance occurs only at  the trailing edge (A) where the surface contact is being contin- 
uously broken. When a body force is applied to a liquid drop, the force component 
applied to breaking the trailing edge adhesion is parallel to the surface. Thus for a 
drop on an inclined surface, in a gravity field, the next sketch describes the motion. 
Fa = f R  
To simplify the development of a criterion for drop motion on a hydrophobic surface, 
a two-dimensional fluid drop will be considered. This drop has a volume per unit depth 
which can be represented, in order of magnitude, by X . If the adhesion coefficient is 
f ,  then the adhesion force is 
2 
(1) 
2 Fa = f R  = pR X g sin 8 
From the preceding discussion it is apparent that the larger drops in a given force 
field will roll more easily. 
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Liquid Droplet Size in a Turbulent Gas Stream 
Deformation of the surface of a liquid droplet in a gas stream will occur when forces 
due to inertia no longer are  dominated by liquid surface forces. Consider a liquid drop- 
let with characteristic length X * Velocity variation over this length will be specified as 
v with liquid density p and surface tension coefficient u .  From these quantities, two 
force relationships can be formed: x 
2 2  a. Inertia force - p X vx 
b .  Surface force - X 0 
Dividing the inertia force parameter by the surface force parameter gives a Weber 
number 
2 
P A  VX 
We = 
a 
When the Weber number is small, the shape of the drops will be spherical and 
stable. At large Weber numbers, however, the liquid surface will deform easily and 
drop break-up will occur. Of the four parameters above only one, v , is unhown. x 
Velocity variation over small distances in a fully developed turbulent fluid is given 
by Kolmogorov and Obukhov's law (ref. 2), valid for L >> X >> X o  
Distances L and are  the characteristic length of the system and the Kolmogorov 
0 
scale respectively. 
The energy dissipation 6 can be found from the quantities which characterize the 
large scale turbulent motion, the length L, and the variation of the mean velocity over 
L, Au. If we take Au-u, the average duct velocity, we have 
na 
€ - -  L 
The Weber number then becomes 
2 5/3 o-l L-2/3 
W e = p u  X 
and the average liquid droplet size (We - 1) can be estimated by 
2/3 -1 -2 3/5 
X - ( a L  P U )  
(4) 
(5) 
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Droplet Deformation at Impact 
To determine whether drop deformation o r  fragmentation occurs upon impact with 
the screen we again relate inertia forces to surface forces. This time, however, the 
inertia force is determined by the velocity variation Au. To determine Au, we assume 
that the droplets do not stick to the screen but travel along parallel to the screen after 
impact. The velocity variation would then be Au = u(1-cos e). 
A range of Weber numbers 
has been determined for  the phenomena of deformation and fragmentation and will be 
covered in the discussion entitled "EXPERIMENTAL EVALUATION. ' I  
Entrainment of Liquid Drops in a Moving Gas 
Assume that in a duct, at position x = 0, a liquid droplet is released with initial 
velocity v = 0. The gas flow in the duct has a uniform and steady velocity u. 
x = o  
If the drop is spherical and the Reynolds number p(u-v)X/g of the drop is large, 
the drag law, assuming that the gas flow is nonturbulent, is independent of viscosity 
and proportional to the square of the characteristic dimension A: 
(8) 
2 2  F = (constant) p (u-v) X 
The drop will be accelerated in accordance with Newton's second law of motion 
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If the gravity force is small compared to F, substituting equation (8) into (9) and 
integrating, we have (since v =  0 at t =  0): 
Defining a slip ratio as k = v/u, we can specify that the length of duct L, required 
to bring the droplet up to velocity v is 
k 
L* - 
Of course the drag law which is valid only for high Reynolds numbers will no longer 
be applicable when u - v  is small. However, for  the order of magnitude estimates de- 
rived here, the turbulent wake drag relationship should be sufficiently accurate. 
If the gas flow is slow enough so that x = 0 the droplet Reynolds number is less than 
1, say, the drag force is due almost entirely to viscous shear and 
Performing the substitutions as before and integrating, we have 
(13) L N - X 2  u In (u-ku)/(l2 v ) 
For this case the drag law will be valid over the entire region 0 5 x 5 L. 
To determine whether a droplet will be entrained in the gas stream o r  will be pulled 
out by the gravity field, we can examine the relative manitudes of the forces involved. 
The drop will be entrained if F(drag) >>F(gravity). For entrainment, then, if v = 0, 
Pressure Loss in Flow Through Screens 
Pressure losses in flow through screens (ref. 3) can be described by 
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where 
a = screen surface to volume ratio 
p = dynamic viscosity 
(6 = porosity (i. e. , screen flow area divided by total area normal to flow 
direction) 
s 
L = screen depth 
= solidity (s = 1 - (6) 
Re = pud/u where d = average pore diameter. 
Stainless steel wire mesh screens, in general, are  hydrophilic with most liquids 
and must be coated to make them hydrophobic. This process will change the flow 
characteristics in the material, especially with regard to the pore diameter, d. 
Solidity and porosity are  dependent on the amount of liquid residing on the screen. 
If the surface area of this liquid is Ai and the screen total area is At, then the effective 
solidity s is 
A A  
At 
s = s ' + -  ( 6 '  
where the primes denote the basic (dry) screen properties. 
Drop Behavior on the Screen 
Several forces will be at work on a liquid droplet when i t  strikes (or as  it is resting 
on) the screen. These forces can act together to produce two kinds of movement: par- 
allel to the screen, o r  through the screen. The discussion will begin with a review of 
the important forces, some of which have previously been defined. 
Surface tension force, Fst: 
Q is the surface contact angle, d is the hole diameter, 0 is the surface tension coeffi- 
cient, is a proportionality constant depending on the hole shape, and n is the number 
of screen pores covered by the drop. For  round holes Q = n. For Dutch twill screens 
a-7/2 (ref. 4). 
Gravity force, Fg: 
pis the mass density of the drop, g is the local acceleration of gravity, and 
diameter when the drop is spherical. 
is the drop 
Inertia force, Fv: 
v is the droplet velocity (parallel to the duct axis) at  impact, and D is a coefficient to 
account for energy lost in droplet deformation. 
Pressure forces connected with the drop can be determined with the aid of the 
sketch . 
P1 - P2 is the pressure difference 
due to the gas flow, and Pi - P1 - 
40 - is the pressure difference across x 
the drop surface. 
The net force Fp is 
For the case (as in 
2 -P2nd2 
the tests described) of P2 = 0 these relations reduce to 
Fp - E + A P ) X  2 
This is the pressure force which holds the drop to the surface. 
The pressure force trying to cause flow through the screen capillaries is 
Fc = (P1 - P2) A2 
-(T+ 40 PI - P2, \ 2  n d 
198 
d is the hole diameter (assumed round), AP is the pressure loss across the screen as 
a result of the gas flow, n is the number of holes covered by the drop, A is the drop 
diameter, P1 is the upstream (high) pressure, P2 is the downstream pressure, and 
0 is the surface tension coefficient. 
The droplet adhesion force Fa = f has already been discussed, and finally 
Drag force, Fd: 
2 2  F d = c p A  u 
where c is a drag coefficient. 
Force diagrams can now be set  up for  the two cases of interest; namely, drop 
penetration (figure 68) and drop movement parallel to the screen (figure 69). 
For the drop to remain on the upstream side of the screen 
To assure parallel movement 
Figure 68. - Drop Penetration 
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F co 
vA 
restraining force, 
(direction depend6 
on other forces) 
J /  c 
1 
Fg COB ( b  - 9) /’ Q 
Figure 69. - Drop Movement Parallel to Screen 
Penetration should not occur when equation (23) is respected. Substituting in the 
expressions used for evaluating the present test data, equation (23) becomes 
pAgs in (p -e1 )+cpu2+  1 / 2 D ~ v  2 +-+ 40 P s -  aa I C O S $ I  x d 
Drop motion parallel to the screen is assured when the following equation, obtained by 
substitution into equation (24), is respected. 
The force F , equation (ZO), was found to be negligible in the range of the test design 
and thus can most probably be neglected when predicting the resistance of drops to 
parallel movement. 
P 
Note that equations (25) and (26) include the expressions in references 4 and 5 which 
were derived for pressure differences and impact velocities. The development herein, 
however, is more broadly generalized in that it additionally includes 1) the effects of 
gravity field strength and orientation, 2) liquid/solid adhesion, 3) screen angle, 4) dis- 
persoid size prior to impact, and 5) dispersoid velocity, i. e.,  slip ratio. 
Ap Alternate Configuration 
The previous analysis shows that it is possible to find conditions where the system 
as shown in figure 66 will not work; namely, when the drops are  too big to pass through 
the screen pores and yet small enough so that they stick when they hit the screen. If 
gravity and inertia forces are  not sufficient to cause the drops to roll off, then impacting 
drops will combine until either the drops grow large enough to roll off o r  until they occupy 
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such a large portion of the screen area that they are pulled through by the increasing 
pressure drop across the screen. 
If drops stick to the screen, the device in figure 66 is extremely gravity sensitive, 
both in direction and magnitude. A device that is much less gravity sensitive (ref. 7 , 8 )  
is shown in figure 70. 
GaS & Entrained 
Liquid 
Hydrophilic screen 4 
rophobic screen 
A 
t 
- 
- 
Figure 70. - Screen Separation Device, Alternate Configuration 
Analysis of the efficiency of the alternate system is essentially the same as for the 
slanted screen except that direct droplet impingement on the screens does not occur. 
The screen separation ( A )  is of the order of magnitude of a large droplet. Thus, with 
a high probability, droplets will be absorbed onto the hydrophilic screen before they 
reach the end of the passage between the screens, and there is little velocity sensitivity. 
To keep the hydrophilic screen from drying out o r  flowing back into the two-phase 
channel, the pressure requirement is 
0 0 s PI - P2 
Case 2 - Vortex Separator 
The analytical model of the vortex separator has been developed in two p a r k  - one 
dealing with liquid/gas separation functions, and the otherwith the outflow of the sep- 
arated components. Separation is assumed to occur in the cylindrical section of the 
device pictured in figure 67, so that the outflow in the conical section is assumed to 
occur independent of the separation process. These assumptions are  made to simplify 
the mathematical treatment; their validity will be discussed in conjunction with the 
model development. 
The Cylindrical Section 
Liquid particles in the incoming gas stream can be categorized, according to their 
size, in the following rough manner: 
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a. 
b. 
c. Particles of intermediate size. 
Particles of near molecular size. 
Particles so large that they stay in suspension only with great difficulty. 
Category c is regarded as the design condition which will provide the greatest proba- 
bility of efficient operation of this type of separation system. 
Particles of the intermediate size range a re  assumed to be uniformly distributed 
in the gas and are assumed to have the properties of a continuum. No viscous inter- 
action occurs in the particulate phase. Shear, of course, occurs in the gas phase as 
the individual particles move with a non-zero velocity relative to the gas. The result- 
ing drag forces transfer momentum from the gas to the liquid droplet cloud, and are  
represented by F in the following equations. 
Momentum transfer from the cloud to the gas is assumed not to occur (a violation 
of the continuum property). A s  the interparticle spacing decreases, this form of mo- 
mentum exchange begins to occur (ref. 7). In this model, however, the gas simply 
acts as a free stream with the kinetic energy of the particles dissipated completely in 
their wakes. 
Conservation of mass and momentum for the particulate phase is specified below 
in cylindrical coordinates (ref. 9). 
1 
a a - (pru) + - (prw) = 0 a r  a z  
:locities u, v, and w are  in the radial, azimuthal,  an^ a x a l  directions and correspond, 
respectively, to coordinates r, 8 ,  and z, and F is used to represent momentum transfer 
from the gas to the liquid particles. Gravity forces are assumed to act only in the z- 
direction. The azimuthalvelocity is v = c/r. All  properties are  constant in the azimuthal 
direction; hence, the 8-component momentum equation vanishes. No variation exists 
in w over a given cross-section normal to the axis, and the flow is steady. 
A stream function, $I , is now introduced such that 
r p u = - ( g ) ,  r p w = ( g )  
r Z 
(4) 
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Equation (1) is automatically satisfied. 
Changing independent variables from r and z to $ and z gives 
2 
wr 
Fu c +- - -  - 
3 
where r is now a dependent variable. 
Equation (3) can be integrated directly, with w = wo at z = 0, to obtain 
w = (2gz + w,z)l/2 
The relationship between r and z along a streamline is found by using equation (1) 
and using equation (7) in (5) gives 
w 2  d2 r +(:+F) z=- dr c 2 
3 
dz wr 
A typical streamline is shown in the sketch. 
r = O  
L 
Z = o T  z 
g (positive ) 
rW 
r- 
h 
2 03 
Equation (8) with (6) becomes, using the nondimensional definition. r*= rho ,  z*= 
zF2/g, 
= o  B2 
r* (2z*+A2) 
(9) 
2 where A = Fw /g and B E c/(Fro ). 
0 
Since all the particles represented by the shaded region will impact the wall (r = rw) 
in the interval 0 I: z s zw, we can compute the flux of particles in this interval as 
2 2  
m =  2 r p w r d r = r p w ( r w  - r l )  
Given rw and m, for a given design condition, the radial coordinate r1 can be calculated 
from equation (10). This coordinate marks the llcriticallf streamline; it is the lowest 
value of r which defines (at z = 0) a streamline that will intersect rw in the interval 
0 I z I zw. In other words, a streamline which intersects the plane z = 0 at any value 
of r less than rl will intersect the plane rw at a value of z greater than zw. 
Equation (9) has been integrated numerically from r*= 1 to r*= 3. The value of 
Z* at r*=3, denoted as Z * ( 3 ) =  L, is plotted in figure 3 against A with B as a parameter. 
To design the cylinder length (for the case rl/ro = 3) one must extract the value of Z ( 3 )  
from L by knowing the drag parameter F and the gravity acceleration g. These vari- 
ables a re  also used in A and B so that an estimate of F is necessary to obtain a value 
of L from figure 71. Furthermore, a t  the larger values of A the curves are  nearly 
linear and follow the relationship L - A B .  This indicates that the gravity acceleration 
and drag parameter have little influence on the length required for separation for values 
of A greater than, say, 1. But this is what one would expect since the value of A is 
proportional to wo, the initial downward velocity of the particles. For  values of A less 
than 1 the curves are  not linear and gravity influence is present. An a priori estimate 
of F, however, is still necessary. 
Further theoretical investigations appear to be required to clarify the appropriate- 
ness of the analytical model. One area of investigation is application of the drag param- 
eter F to the downward motion of the two-phase mixture. In equation (3) the drag pa- 
rameter F has not been applied, with the implicit assumption that the downward a i r  
flow does not influence the downward particle velocity. The validity of this assumption 
may require further investigation. 
2 04 
3.0 
0 
0 5.0 
Figure 71. - Cylindrical Section Length 
10,o 
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Particles in Suspension 
The motion of small particles which are maintained in suspension is discussed in 
AMR 2, Section 1.5 .  The evolution is modeled by the general diffusion equation with 
inertial field (e. g., vortex or  centrifugal acceleration) specification. The steady-flow 
equation is given by equation (24) of Section 1 . 5  in AMR 2, with the appropriate inclu- 
sion of the Coriolis force for the rotating coordinate system. 
The Conical Section 
In the previous discussion we assumed that the liquid/gas mixture separates into 
a gas core and liquid film on the wall due to the swirling action of the fluid in the cylin- 
drical container. We can now develop a model for the liquid film flow toward the apex 
of the attached conical section. 
When fluid is admitted to the device tangentially we assume that a swirling, poten- 
tial vortex flow field develops (v - -). This flow field contains a singularity at  r = 0; 
the flow has a ffhollow core" as in a tornado. Pressure in the fluid varies inversely as 
the square of the radial coordinate, all the way from the edge of the "hollow core" to 
the wall, since boundary layers do not sustain a significant pressure gradient normal 
to the surface. Outside the boundary layer the centrifugal acceleration balances the 
radial pressure gradient. Within the boundary layer, although the pressure gradient 
remains, the tangential velocity is slowed by viscous shear, and fluid is driven toward 
the apex of the cone. 
1 
r 
Polhausen's momentum integral method has been used by Taylor (ref. lo) ,  Cooke 
(ref. 11) and others to determine boundary layer thickness and velocities in conical 
swirling flows of a homogeneous incompressible fluid. Lawler and Ostrach (ref. 12) 
have commented on Taylor's solution in connection with the operation of vortex sep- 
arators. They have demonstrated experimentally that a sufficiently strong swirling 
flow can force boundary layer fluid toward the vortex of a cone in a direction opposite 
to the gravity force. No explicit analytical solution including a body force was given, 
however, in reference 12. 
In this presentation Taylor's solution is modified to include an axial body force. 
The results, applicable to flow in a vortex separator, a re  of importance to spacecraft 
life support processes which occur in a variable gravity environment. 
Taylor's swir l  problem. - An incompressible fluid enters a conical tube tangentially. 
The conical chamber, whose vertex angle is 2 a, is so designed that the axial component 
of velocity is small compared to the swirl component. Except for a thin layer along the 
wall, the velocity is given by Q/r where r is the distance from the axis and Q is the 
circulation. The nomenclature is shown in figure 72. 
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4 
Boundary Layer 
Thickness, 6 
Figure 72. - Taylor's Swirl Problem Nomenclature 
The equations of motion with the usual approximations for boundary layer flow are 
listed below, in spherical coordinates, with the origin at the vertex of the cone. 
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The continuity equation is 
where 
R = distance from the vertex of the cone along the conical surface 
0 = the angle a radius vector makes with the axis 
u = radial velocity 
w = component of velocity perpendicular to axial planes 
v = component of velocity perpendicular to R 
p =pressure 
p = density 
v = kinematic viscosity ( v = p  / p  ) 
Outside the boundary layer w = Q/R sin 8, and the pressure is given by 
+ constant P 1 a2 -- - -- 
2 R 2 s i n 2 e  
Taylor's solution demonstrates that, near the conical surface, where viscosity retards 
the fluid motion, the radial pressure gradient given by equation (15) cannot be balanced 
by the centrifugal acceleration and a boundary layer flow toward the apex. occurs. 
Inclusion of gravity force. - We depart slightly from Taylor's equations by includ- 
ing an axial body force which is positive in the direction from the apex to the large end 
of the cone. The component of this force normal to the wall is neglected, and only the 
fluid in the boundary layer is considered to be influenced by the body force. Such an 
assumption is approximately valid in a vortex separator where the boundary layer is 
comprised of fluid with a density greater than the fluid in the core. Equation (11) then 
becomes 
2 
+ g cos a l a p  v a u  a U + v  au  w 
a R  R a e  R p a ~  R2 a82 + -  - u -  - - - - = - - -  
Equations (12), (13), and (14) a re  unchanged. 
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We assume that the boundary layer is contained entirely within the film of heavy 
fluid. Since the radial pressure gradient in the boundary layer is the dominant driving 
force, we must specify the circulation !2 for  the heavy fluid in equation (15). Assuming 
that ai is known, the problem becomes one of relating aa andah. Lawler and Ostrach 
equate the shear stress at the interface to arrive at 
where the subscripts .t, and h stand for the light and heavy fluids. This statement is con- 
tradictory since the velocities have been assumed to be proportional to Q/r in both fluids, 
implying slip at  the interface. 
Perhaps a better way to determineah is to ignore the boundary layers in the inter- 
face region and accept the interface slip implication; Equating pressures a t  the inter- 
face gives 
This is consistent with the usual assumption that the external flow field pressure is 
impressed upon the boundary layer. In the following equations Qh will be assumed 
whenever appears. 
We follow reference 10 by integrating equations (13) and (16) over the boundary 
layer thickness from 8 = a to 8 = a - 6/R. The resulting equations are: 
We use the same velocity distribution expressions satisfying the same boundary condi- 
tions as Taylor where the undetermined parameter E is proportional to the u-velocity and 
does not appear in the expression for w. 
where 
q =  R (a - e ) / S  
Substitution into equations (18) and (19) yields 
The nondimensional parameter K is a result of the introduction of the gravity force 
term and is defined as 
(24) K F 1- (gR3 sin 2 ~ C O S ~ ) / Q  2 
To nondimensionalize equations (22) and (23) introduce 
We then arrive at two nonlinear ordinary differential equations with dependent variables 
E2 and E h2 and independent variable R1: 
3 2  2 
49(1-FrR1)Eb1 Ebl  
+ 285 R1 (27) -- 
E2 R1 R1 
These differ from Taylor's equations only in the term containing Fr, The factor Fr is 
a nondimensional relationship between the .swirling inertial force and gravity force (a 
Froude number) and is defined as 
2 10 
3 2  2 Fr = 2.14 g COS a R o  sin a/Q 
When Fr = 0 we have Taylor's original pair of equations. 
The numerical factor 2.14 comes from the terms 
1 
in equation (22) 2 @ d ~ = K - . 5 3 3 3  
1 
2 When divided b f dq = 0.009524, this term becomes 
491 K -  .5333 1 
- I  I 
R L49(0.009524)J 
which is equivalent to the first term on the right-hand side of (27). The same applies 
for equation (26). 
Numerical analysis and results. - Equations (25) and (26) have been integrated 
0 at R1 = 1. Since both equations have a singu- numerically starting with E2=E 
larity at R1 = 1, an initial approximation to the solution is formed in the immediate 
vicinity of R1 = 1. The approximations are  determined by setting R1 = 1 -A and ex- 
panding the terms of equations (26) and (27) which contain the large numerical coeffi- 
cients. Terms with A2 and A are  neglected. The result is 3 
1 2 E = 1 9 . l A  (1-Fr) (29) 
where the gravity field affects only the initial approximation for  E2. Numerical values 
have been obtained for E2 and E 5;  over the range 0.999 < R1 < 0.05 using the fourth 
order Runge-Kutta method with automatic step size; equation (29) provided initial values 
for the range 1.0 < R1 < 0.999. A plot of 61 versus R1 for selected Fr values is given 
in figure 73. The curve for Fr =Ois in agreement with reference 10. 
To determine the boundary layer mass flow rate we integrate the u-velocity over 
the boundary layer thickness: 
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3 
2 
d l  
1 
0 
i 
I 
0 
0 0.2 0.4 0.6 0.8 1.0 
R1 
Figure 73. - Boundary Layer Thickness - Vortex Separation 
using the relationships de = - (6/R) dq , 
1 
and equation (25), 
we have 
A nondimensional flow rate is defined as 
Values of E 6 as a function of R1 from the solution of equations (22) and (23) are plotted 
in figure 73. 
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Figure 74. - Boundary Layer Mass Flow Rates - Vortex Separation 
Equations (26) and (27) can be transformed with M and 6 as dependent variables 1 
in to 
R1 -= dM 60- 
dR1 61 
R 1  61  613 3 -- - 225 -- -+  49 - ( l -FrR1 ) d61 
dR1 R1 M2 R1 
A t  any point other than R1 = 1 (where h1 = 0) solutions cannot be obtained with the mass 
flow parameter M equal to zero. A condition of M = 0 in the range 0.05 < R1 < 1.0  
indicates a flow reversal where the boundary layer fluid diverges from the zero flow 
point. At a value of Fr = 1.0 the flow "reversal" occurs at R1 = 1 and a numerical 
solution cannot be obtained. At Fr = 0.999, however, 6 1  and M are shown in figures 
73 and 74. The limiting condition for efficient operation of a vortex separator in an 
adverse gravity field is therefore taken to  be Fr = 1.0. 
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THE COMPUTER PROGRAMS 
Computer programs were not needed for the Case 1 system either for the model 
predictions o r  for the experimental data analysis, The analytical model was constructed 
by considering individual aspects of the droplet behavior on the screen which a re  not in- 
terdependent implicitly; thus, each phenomenon could be predicted explicitly using ob- 
servable data and no iterative o r  repetitive computations were necessary to develop the 
predictive relationships. 
The analytical model of the vortex separator, however, resulted in the specification 
of nonlinear ordinary differential equations which were integrated numerically. In these 
cases the equations were integrated with a fourth order Runge-Kutta routine featuring 
partial double precision, automatic step-size adjustment, and local Richardson extra- 
polation. 
APPLICATION TO LSS DESIGNS 
The generalized nature of the analytical models provides a relatively high probability 
that they can be directly applied to the development of several LSS design approaches. 
Table 23 identifies examples of the type of LSS equipment which, potentially at least, 
will be so designed that the information can be profitably applied in the analysis of pri- 
mary o r  "on-design" modes of operation. Additionally, reference is shown with respect 
to the liquid/gas separation/transport functions associated with the mechanization of 
condensers /evaporators. 
EXPERIMENTAL EVALUATION 
Require men ts 
An experimental evaluation of the accuracy of the predictive aspects of the analytical 
model must include the following observations against a series of test conditions: 
a. 
b. Gas pressure differences (losses). 
c. Droplet impact reactions (screen). 
d. 
Droplet shapes and sizes, and stability during gas stream transport. 
Droplet flow patterns along separator surface. 
e. Liquid film generation, transport, and outflow rate. 
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Table 23. Examples of LSSEquipment Designs for Which 
the Analytical Model has Relevance 
Model Relevance 
LSS Function 
Oxygen Supply & Recovery 
Water Reclamat ion 
* Degree of relevance: A implies a high degree of relevance both as t o  
similarity of the model t o  the  equipment processes produced under the 
designated m o d e l  combined with a high probability that the process w i l l  
be extended into similar designs i n  updated systems, while B implies a 
lower degree of similarity and/or probability of extension t o  'similar 
designs. 
#-E Equipment type identified by LSS equipment reference number. 
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Experimental process variables should include: 
a. Stream velocity. 
b. Droplet size and velocity. 
c. Droplet population density. 
d. Screen mesh and installation angle. 
The design of the experiments should be such that they include an examination of the 
potential effect on the model parameters of various alterations in the local inertial accel- 
eration vector, especially with respect to their effects on the characteristics of the liquid 
layers and liquid transport characteristics. 
Figure 75 illustrates the type of predictive data produced by the model(s) which will 
form the major guide to the design of the experiments which, in turn, will evaluate the 
analytical model(s). 
Lab0 r a b  ry Experiments 
The nature and magnitude of the forces involved which provide the separation and 
transport mechanisms for both Cases 1 and 2 are such that experimentation at  l g  can be 
highly informative. Variations in the oriectation of the systems to the gravitational 
vector a re  considered to be of greater potential value than variations produced by in- 
creasing the magnitude of the inertial acceleraton field forces. 
Reduced Gravity Experiments 
Both the screen and vortex separation sys  terns will require experimental evaluation 
under conditions where the gravity force is not the dominant mechanism. For the screen 
separator this applies particularly for the phenomenon of droplet motion parallel to the 
screen. In the vortex separator, low-g testing is necessary to isolate the effect of the 
radial pressure gradient. 
Description of the Case 1 Experiment 
A decision was made at  the outset of the analytical phase of the NAS1-8494 contract 
to forego the experimental evaluation of themodel for Case 2 (vortex separation) due to 
the uncertainties relating to the potential yield of the experiment at least as conducted 
under laboratory conditions in an austere program. 
A laboratory experimental program was conducted to verify the predictions in the 
analytical model of the screen separation system. Data on the behavior of water droplets 
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Droplet 
Impact 
Velocity 
Pore Size 
Am Predicted Values of Droplet 
Velocity Producing Penetration. 
Droplet 
Adhesion 
Coefficient 
(f) 
Mass 
Flow 
Rate 
M 
Screen Mesh (Wires/inch) 
Predicted Values of ( f )  as a 
Function of Screen Mesh 
B. 
Froude Number 
Cone Truncation Length 
Predicted Discharge Rates as a 
Function of Cone Truncation Rates 
C, 
Figure 75. - Characteristic Predictive Data 
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on Teflon-coated screens were obtained over a wide range of conditions. Both direct 
visual observations and high-speed photography were employed (ref. 13). 
Major Goals 
A major goal was to determine if the analytical predictions satisfactorily delineate 
the actual characteristics of the process of removing liquid droplets from a gas stream 
where the capture and subsequent removal transport is provided by inertial forces act- 
ing upon the droplet against the resistive forces of a slanted flat surface hydrophobic 
screen. Particular attention was focused on the effects of both variations in process 
conditions, particularly with respect to the gravitational vector, and in the configuration 
of the screen. 
An additional goal was to examine various experimental test techniques, both for 
their applicability to laboratory testing and for their potential in the design of apparatus 
for experimental tests under reduced gravity. 
a. 
b. 
C. 
d. 
a. 
b. 
C.  
d. 
e.  
f .  
Principal Observations 
The experimental observations required included: 
Gas pressure losses. 
Droplet impact reactions. 
Characteristics of the droplet transport along the slanted screen surface. 
Characteristics of droplet breakthrough. 
The experimental variables programmed against these observations included: 
A i r  flow rate. 
Orientation to the local gravity vector. 
Droplet impact frequency . 
Droplet size. 
Droplet impact angle (screen angle). 
Screen pore size. 
Criteria for Test Model Design 
The test model and its supporting apparatus were designed against the following 
criteria : 
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a. A i r  stream velocity controllable in a range from a minimum which produces virtu- 
ally no effect on the dispersed droplet to a maximum which results in visually 
observable distortion of the dispersed droplet. 
A replaceable and adjustable screen installation which provides the capability to 
vary the impact angle (screen slant) from a position normal to the droplet flight 
path, i.e.,  a 90-degree impact angle to an impact angle of approximately 150 degrees. 
An air stream duct providing a means of photographing the droplet from its point 
of generation in one case to 1) final withdrawal from the duct, and another case to 
2) its breakthrough at  the downstream side of the screen. 
A droplet generator capable of producing single droplets in a controlled range of 
sizes and propelling same along a horizontal o r  vertical duct with little o r  no aid- 
ing a i r  flow. 
b. 
c. 
d. 
e .  Instrumentation to record the data required to define: 
1. Stream velocity. 
2.  
3.  
4. Droplet transport characteristics along the surface of the screen. 
Gas pressure loss through the screen. 
Droplet shape, size, and impact configuration. 
5. Characteristics of the breakthrough event. 
Gravity effects on droplet behavior can be observed. 
Maximum feasible utilization of previously developed test apparatus. 
f .  
g. 
Test Apparatus 
The concepts relative to test apparatus requirements as illustrated in ETP 4 were 
subsequently modified in response to interactions between the on-going maturation of 
the analytical and accompanying test design studies. The apparatus used in this experi- 
ment is shown schematically by figure 76 and pictorially by figure 77. 
A i r  stream control assembly. - The air stream control assembly was a modifica- 
tion of that employed in Experimental Tests 2 and 3A and consisted of the following 
components : 
a. 
b e  
c. 
Blower and inlet area control (Dayton, Model 20570). 
Blower inlet plenum and flow-measurement orifice assembly. 
Blower outlet to flow channel inlet adaptors and flexible duct. 
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Apparitus for Test IB 
Apparatus for Teets I C  thm ID 
Droplet 
~raneparent hnerator 
Working Nozzle 
Flow Channel Section 
Screen Assembly & 
Adjustable Suppart 
I 
A i r  Stream Control 
-- Bms Plate 
Water Removal 
circuit 
(not used) 
Microswitch 
Water (N.C. Solenoid) 
/ "A" Suspension l & & l  
Dmplet Generator 
circuit 
Constant Pressure 
Source 
Figure 76. - Test Apparatus - Schematic 
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Figure 77. - Test Apparatus - Photograph 
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Flow channel and working section assembly. - (See figure 78.) The flow channel, 
approximately 36 inches long with a 4- by 4-inch interior cross section, was constructed 
of plywood and provided both a means of introducing the air  stream to the working section 
and supporting the transparent working section. The working section, fabricated of 1/2- 
inch sheet lucite approximately 40 inches in length with a 3- by 3-inch interior cross 
section, was cantilever mounted from the exit section of the flow channel. A unique 
feature of the working section was the configuration of its "toprf panel, which was con- 
structed in two sections, and rather than being permanently attached as were the other 
three panels (sides), was held in place by specially constructued f fCTf  clamps, allowing 
i t  to be positioned as desired along the longitudinal axis of the section. TNs configura- 
tion provided a means of both retaining the hydrophobic screen and adjusting its slant, 
i .e. ,  droplet impact angle. 
A porous plate (capillary) water removal assembly was incorporated into the work- 
ing section to provide a capability for both high-density droplet flow and long-duration, 
uninterrupted data runs a However, the design of the test was such that neither condition 
was required; thus the unit was never activated following its initial checkout. 
Screen assemblies. - The hydrophobic screen was stretched across the interior 
of the working section to produce an even, flat surface on which to impact the droplets. 
The screen was retained along two of its opposing sides, at the %bottomtf panel surface 
by an adjustable plate acting to clamp the screen against the lucite panel and at  the fttopf' 
panel surface by a clamping action provided by the butt joint between the two sections 
of the 'ftop" panel. 
Four square weave, stainless steel screens were employed, each of which had been 
coated with Dupont TFE Primer, 851-204 green, material 119-482-945. The original 
and resulting pore configurations were determined through analyses of microphotographs 
of the uncoated and coated screens as shown in figures 79, 80, and 81. A summary of 
these findings is given in table 24. The Teflon coating was applied with a paint spray 
gun operating on a pressure of 25 psi. The key to good quality coating can be summar- 
ized as follows: 
a. 
b.  
c. 
Retain screen in a rigid frame to provide smooth, even surface. 
Prepare the 851-204 primer as instructed by manufacturer. 
Cover one side in one continuous operation, holding spray nozzle some 6 inches 
from screen (going back over the first pass coat for touch-up is not successful 
and causes blockage). 
Immediately follow up the spray with a very low level a i r  blast to blow away the 
excess coating and to prevent blockage. 
Allow 10  to 15 minutes set  time and repeat process for reverse side. 
d. 
e. 
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f .  
g. 
Oven cure as instructed by manufacturer. 
Keep screen free from dust, hand soiling, water-borne residues, etc. 
Droplet generator circuit. - The droplet generator circuit required an extensive 
program of experimental design to produce the final configuration illustrated by figures 
76 and 78. The key elements of the circuit, and thus the implied design requirements, 
can be summarized as follows: 
a. 
b. 
C. 
Constant pressure water source with pressure levels adjustable through a range of 
40 to 100 psi. This is made possible by an air-charged accumulator of sufficient 
capacity that no single series of draplet flow demands would alter the selected 
pressure level. 
A high-response, low-volume, batch-water metering circuit. This is made possible 
by an adjustable orifice, and %omally closed" high-response solenoid valve, small- 
diameter, low-capacitance tubing short coupled from solenoid to discharge nozzle, 
and microswitch. 
A small-diameter, sharp-edged discharge nozzle. 
Instrumentation. - The major instrurnentation was the high-speed movie and film 
analyzer. The first series of runs was made employing the Bechman aid Whitley 
DYNAFAX, Model C326-2, capable of up to 25,000 fps. However, the complexity 
of the procedures for its successful use led to a change to the Wollensak FASTAX 
high-speed 16mm camera, also capable of speeds up to 25,000 fps. The former pro- 
vided a more economical approach in that no special operator was required, only a very 
short film roll was needed, and developing was simply accomplished and virtually im- 
mediate. However, timing of the droplet impact event, lighting, and camera start  due 
to the very limited run time were critical and resulted in excessive equipment and 
procedural complexity. In addition, the FASTAX camera produced a somewhat superior 
picture quality. A Fairchild Mini-Rapid Film Processor was used to provide review of 
each test set  prior to proceeding on through the sequence. The FASTAX was used from 
the fifteenth run of Test IIA and on. Figure 82 is the instrument schematic for test 
level 11. 
The timer/sequencer employed with the FASTAX camera produces a timing signal 
resulting in a series of marks on the film strip, thus providing a precise timing meas- 
urement from which velocity determinations can be made. Droplet size is determined 
from the notched wires installed immediately upstream of the screen. 
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Most N e a r l y  
Universal Nozz-le 
Flow Channel & Working Section Aasembly 
scale 1/10 
38" L I 
reen & Supporclc 
Flow Channel Porous Plate Assembly 
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,/T=====fT -e--
Adjusting Slots' J Angle Cut 
for Best F i t  c - 1  
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Figure 78. - Test Apparatus Drawing 
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150 Mesh Uncoated - #lO59l5B 150 Mesh Coated* - #lo5999 
Photo Scale: Numbered Divisions are Tenths of' Inches 
250 Mesh Uncoated - #10591?33 
Jt Dupont TFE Primer-Green 
851-204, Mat #119-482-945, 
GD Spec. 0-00109-2 
2 5 0 -  Mesh Coated( I n i t i a l )  #106002~ 
2 5 0 -  Mesh Coated( Improved) #106606~ 
Figure 79. - Microphotographs, Uncoated Versus Coated Screens 
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325 Mesh Uncoated - #105918B 
325 Mesh Coated - #106003B 
Figure 80 - Microphotographs Uncoated Versus Coated Screens 
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400 Mesh Uncoated - #105919B 
400 Mesh Coated (Initial) - #106004B 400 Mesh Coated (Zmpmved) - #106605B 
Figure 81. - Microphotographs, Uncoated Versus Coated Screens 
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Figure 82. - Instrument Schematic, Test Level I1 
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Test Procedures 
The test procedures were developed from the following experiment design concepts. 
Test  level I - analytical component tests. - Four basic test sequences a re  required 
to gain information on the fundamental droplet forces expected, Each test should be 
performed in a duplicate way for each of three screens. These screens are  squaw 
weave, Teflon coated, with the following rating in number of wires per inch - 150, 250, 
325, and400. 
Test A - screen configuration: The equivalent round pore size, d, of the screens 
can be determined visually from enlarged photographs. The following formula can be 
used 
2 1-nldl 
d - z ( T )  l r  
where n1 = number of wires per inch; dl= coated wire diameter. 
Test B - adhesion force test: Adhesion forces restraining drop motion parallel to 
the screens can be determined by placing a droplet of known size (volume) on a flat 
section of screen and tilting the screen at  an angle with respect to the gravity vector. 
The angle for incipient motion is recorded. Adhesion force, f ,  and a friction coeffi- 
cient, q, are  unknown and can be determined by 
A suggested method is to plot f versus qusing the data obtained. The value of 7 for 
which all the p's are  equal will determine both unknowns. 
Test C - screen penetration test - static: Balance of capillary, gravity, and pressure 
forces can be determined by placing a drop on a screen normal to the gas flow and in- 
creasing the air  flow until the drop penetrates the screen. A t  penetration, the gas flow 
AP across the screen is recorded. Data are taken for several drop sizes (volume). An 
unknown coefficient, 0 ,  can be determined by 
P U 2 )  
cos$ ( p x g + 4 + 2 +  a x a a a=- - 
Equation (3) is written for the gravity vector parallel to the a i r  flow vector. The factor 
c is essentially a drag coefficient. 
Test D - screen penetration - drop distance: The effect of velocity on droplet 
penetration can be verified by dropping liquid onto screens tilted at various angles to 
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the gravity vector. Impact velocity will be determined analytically. .Dropping of a 
given size (volume) can be performed at increasing heights. The height at  penetration 
should be recorded. This should be done for screens at angles of 0, 15, 30, 45, and 
60 degrees to the horizontal. Velocities derived from the height data can be checked 
against the following formula: 
Test Level I1 - analytical system tests. - Two basic tests are required in level I1 
to evaluate the full analytical model. The phenomena of penetration and lateral motion 
of droplets can be considered separately in the two basic tests as they are  separated 
in the analytical model. Primary emphasis should be placed on determining regions 
(in plots of the important parameters) where the different phenomena occur. Deter- 
mination of gravity sensitivity is also a primary objective. The magnitude of the air 
flow required to produce a range of conditions bounding the transition point of retention/ 
penetration must be experimentally determined in trial runs preceding the final test 
design. 
Test A - vertical orientation: Penetration regions (in the range of variables) can 
be mapped by taking photographic data of droplets impacting a horizontal screen. Gas 
flow and droplet motion should be normal to the screen. Test should be run with flow 
up and flow down. 
Test B - horizontal orientation: Regions for droplet motion (in either direction on 
the screen) can be mapped by taking photographic data of droplets and air flow moving 
horizontally and intersecting screens set  at  a given angle to the horizontal (probably 
40 < < 80 degrees). The angle can be determined in preliminary checks of available 
a i r  speed and droplet release mechanics. The test should be run with flow left-to- 
right and right-to-left such that the effect of gravity will be opposite in the two cases. 
Experiments in the design of the droplet generator were initiated on 13 January 
1970 and, in the main, were concluded on 30 January 1970. System checkout, including 
examinaticn of motion picture techniques, was initiated on 27 January 1970. Final sys-  
tem configuration for test level I1 was completed on 1 7  February 1970. 
Test level I data runs were initiated on 3 February and, except for special runs 
required by uncertainties brought to light by level I1 tests, were completed on 10 Feb- 
ruary 1970. 
Test level I1 data runs were initiated on 10 February and completed on 27 Feb- 
ruary 1970. 
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Test Data Summary 
Manually recorded data. - The manually recorded unprocessed test data have been 
organized in tabular form and included herein as tables 25 through 30. 
Table 
- 
- 
25 
26 
27 
28 
I 
29 
30 
Tes t  
Level I 
-
A 
B 
C 
D 
E 
Level I1 
A 
B 
Nwnber of 
Tes t  Tit le T e s t  Points 
Analytical Component 496 
Tests 
Screen Configuration - -  
Adhesion Force - R o l l  Angle 
Screen Penetration - A P 
Screen Penetration - Fal l  
(60) 
(28) 
Distance ( 398 1 
Screen A P (10) 
Analytical System Tests 64 
Vertical Orientation (25) 
Horizontal Orientation (39) 
Total Recorded Test Points 560 
Photographically recorded data. - The principal source of information on droplet 
behavior in the level I1 tests is with the high-speed motion pictures. Runs 1 to 14 were 
photographed by the DYNAFAX camera and produced data of marginal quality. Runs 15 
to 64 were photographed by the 16mm FASTAX high-speed camera and produced data of 
excellent quality and, prior to analysis a t  least, appears to be in an abundance and 
variety to form the basis for analysis f a r  beyond the scope of the present contract. 
With but one exception each of the 64 level I1 test points (runs) were photographically 
recorded. The film identity for each run is given as part of the manually recorded data. 
Figure 83 illustrates the quality of the photographic data. 
Critique of the Test Design 
With the exception of the problems associated with the inherent difficulties with 
droplet generation and transport, the general approach to the test design appeared to 
be straightforward, tests were easy to manage, and construction costs were low. The 
approaches followed and the instrumentation information compiled can be recommended 
as a guide to future test designs for experimental studies involving film stability and 
transport phenomena. 
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Table 26. - Test IC - Screen Penetration - A P  
L 
x Volume 
0010 
.025 
,050 
0020 
-050 
0020 
0050 
0100 
very 
large 
Date: 9 February 1970 
28 Test Points 
T r i a l s  
- 
P 
so79 
.074 
0071 
03-3-5 
0090 
- 
,150 
,140 
.240 
.225 
- 
2 
.050 
0053 
.io5 
- 
0170 
- 
,160 
0210 
111 
3 
Comments 
Broke,then pene- 
trated 
Broke up at .OgO & 
penetrated a t  0,141 
Deformed a t  .Ol3,  
part way thru at 
.l5O, sp l i t  & small 
drops thru a t  .170 
Deformed a t  .lo0 & 
sp l i t  a t  .ll7 
Deformed a t  .080 & 
s p l i t  up a t  ,140 
Some thru, some re- 
mained on screen, 
dmp spreads over 
screen 
* A P at which penetration of screen begins. 
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Table 27. - Test ID - Screen Penetration - Fall Distance 
Test Set #1; 150 x 150 Screen; 3 February 1970 
97 T e s t  Points 
Droplet 
Size Screen 
Angle (cc> 
T r i a l  F a l l  Distances 
(inches) 
Legend: denotes no penetration at 2" fall distance. 
3* denotes shear a t  3" fa l l  distance but no penetration. 
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Table 27. - Test ID - Screen Penetration - Fall Distance, Contd 
Test Set #2; 250 x 250 Screen; 5 February 1970 
104 T e s t  Points 
Droplet 
Size Screen 
(cc) Angle 
T r i a l  F a l l  Distances 
(inches) 
O 0  I e030 ] i o  7 61-18 7 6a 
60 .O3O 16 15 114* 13 13" 15* 1 
,070 I10 10 12 13*4 13 14 13 (12121 
Legend: denotes K) penetration a t  2" fall distance, 
denotes shear at 3" fall. distance but no penetration, 
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Table 27. - Test ID - Screen Penetration - Fall Distance, Contd 
Test  Set #3; 325 x 325 Screen; 4 February 1970 
97 Test Points 
T r i a l  Fa l l  Distances 
(inches) 
45 " 
Legend: denotes no penetration a t  2" fa l l  distance. 
3* denotes shear at  3" fall distance but no penetration, 
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Table 27. - Test ID - Screen Penetration - Fall Distance, Contd 
Test Set #4; 400 x 400 Screen; 3 February 1970 
1 6  Tes t  Points 
- -I--- I 
T r i a l  Fal l  Distances 
(inches) 
denotes no penetration a t  2" fall  distance, 
denotes shear at 3" f a l l  distance but no penetration. 
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Table 28. - Test IE - Screen AP 
Test Apparatus: Test Level I1 apparatus 
w i t h  screen assembly, removed, 
taped across the exi t  end of the working 
sect  ion 
T e s t  screens 
Sequence #1 
250 x 250 Screen N Area = 7.92 ine2 
Orifice A P Screen A P . 1860 .a63 
01480 00709 
00005 .0038 
.0809 * 0462 
.0272 . 0224 
Sequence #2 
400 x 400 Screen -Area = 8.07 in.2 
* 1.5" diameter or i f ice  used throughout. 
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Table 29. - Test IIA - Vertical Orientation 
m 
Date 
Feb e 
1970 
24 
25 
-
27 
T 
Run 
Sequence 
31* 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
61 
62 
-43- 
46 
56 
57 
58 
59 
60 
64 
A i r  Vel. 
A P  * 
.0123 
.W22 
0 
00222 
0 
0 
.w52 
.156 
0153 
0 
0 
0 
,169 
0191 
Cn.Sec 
56 
74 
74 
0 
0 
0 
0 
0 
0 
Screen 
A P  
Comments 
0 
No penetration. 
Marginal penetration, 
spray. 
Penetrated , 
Drop on back,no spray 
Better qua .  screen 
installed,bounced off 
Bounced off, no pene- 
t r a t  ion. 
Some spray, s m a l l  
drops on back. 
Drop hung on screen, 
1 s m a l l  drop on back. 
No f i lm,  drops .mo- 
. l5O diem. hung on front & would mt  blow off. New and 
clean screen did mt  hold drops larger than .020 diem. 
80588 
.m 
,084 
B 
.lag 
.0414 
0 
,0414 . 043 
,150 
0179 
,0295 I ,0467 
0080 
,0255 
0 
00249 
e 0 2 4 8  
00573 
00922 
No penetration. 
Penetration, 
No penetration. 
z p s  on back(topj. 
Some spray through. 
Penetration. 
No penetra. but ap- 
peared marginal. 
Incipient penetration 
Better qualoscreen i n  
stalled, no penetra. 
Penetra.,drop on back 
Better qual. screen 
installed, borderline 
penetration only, 
ginal penetra. sm 
* Film reel (FASTAX 16 mm) number same as Run Sequence Mnnber for  Runs #l5 
and on, 
* 1.5" diameter orifice used throughout Level I1 tests. 
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Table 30. - Test IIB - Horizontal Orientation 
Run 
Date 
Feb . 
1970 
17 
18 
-
19 
20 
24 
26 
Run 
Sequence 
Duct 
Angle 
O b  
- 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
180 
180 
180 
180 
180 
180 
180 
180 
180 
Screer 
Angle 
120 O 
120 
120 
120 
120 
120 
120 
120 
120 
120 
120 
120 
120 
I20 
120 
120 
120 
120 
120 
120 
120 
120 
120 
120 
I20 
120 
120 
120 
120 
A i r  Vel. 
0 
eo33 
0008 
m 0212 
e 0205 
.052 
-054 
. W 8  
.0229 
.0242 
m 0240 
e 023 
0189 
.a0 
.u 
.llO 
.028 . 028 . 0246 
0 
.066 
e0047 
0 
-0642 
.io5 
,176 
. 0492 
n/Sec 
0 
91 
45 
72.5 
72 
77.5 
77.5 
ll2 
115 
50 
76 
76 
76 
76 
218 
230 
167 
167 
83.5 
83.5 
78 
0 
128 
34.5 
Screen 
AP  
0 
e0107 
0007 
.0147 
.0142 . 0142 
.0146 
e 022 
eo22 
0008 
.0128 
0013 
.013 
.013 
e o 5 4 5  
.060 
0035 
0035 
,013'7 
00137 
eo129 
0 . 024 
0 
,0054 
00343 
00375 
00222 
.054 
Sequencing incorrect, 
film coverage poor, 
Same as Run 9(1) e 
11 11 
I1 I I  
I t  I1  
Good f i l m  coverage. 
FASTAX used f o r  re- 
mainder of t e s t s  a 
Film coverage excell- 
ent. 0.8 sec. delay 
between camera start 
& dmp generation s ig ,  
Smaller droplet noz- 
z le  used. 
S m a l l  drops penetra- 
ted screeri. 
Smallest nozzle used 
i n  Runs 22 - 24. 
Penetrated screen. 
No penetration. 
Went t h m  screen and 
clung to back side. 
Same as Run 27. 
Penetration. 
Ran Down. 
L i g h t  spray, some 
Two sm. sprays, 2 
drops hung on back. 
Small spray thm. 
Some thru spray, drop 
hung on front. 
Spray thm, drop on 
f ront . 
hung on back, 
* Film s t r i p  number f o r  DYNAFAX ( t e s t s  1 - 14 only). 
%-x+ l.5" diameter o r i f l ce  used throughout Level 11 tes ts .  
* Film number f o r  FASTAX identic& with Run Sequence number, #l5 and on, 
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Table 30. - Test IIB - Horizontal Orientation, ConM - 
Run 
Date 
Feb . 
1970 
12 
26 
- 
Run 
Sequence 
Duct 
Angle 
O 0  
0 
0 
0 
0 
0 
0 
0 
180 
180 - 
132 
132 
102 
102 
84 
84 
0 
0 
D P  
X-M 1.5" diameter orifice used throughout Level I1 tests, 
Comments 
Instru, sequence in- 
correct, film cover- 
age poor. 
Sequence pmblems, 
film coverage poor. 
Borderline penetrao 
hung on back. 
Small spray thru. 
Drops m l l  down front 
Medim Spray9 drop 
Instrumentation. - The extensive dependence on the analysis of movie films for an 
experiment involving such a large number of test points where the exact design of each 
subsequent set  point in a series is dependent upon the characteristics of the preceding 
run results in an expensive and time-consuming program. If such a dependence exists 
for flight experiments, the use of ??instant replay" TV might well be examined. The 
other instrumentation involved is entirely straightforward and simple. 
Droplet generation. - The droplet generation system which finally evolved from the 
experimental design can provide some worthwhile starting points for future designs. 
The requirement for and attainment of the constant-pressure water source, low-capaci- 
tance l?accumulator, If and high-response control valve for precise metering demands 
are  examples. Nozzle designs are  also of interest, possibly leading to the investigation 
of variable nozzle configurations as  an iris diaphragm or  plug nozzle. 
The requirement imposed by the test design criteria that the droplet generator be 
capable of sizing, ejecting, and propelling a single droplet was severe and led to exten- 
sive, time-consuming experimental design. Doing so, however, may have served to 
carry the design beyond the point of problems similar to those experienced with the 
nozzles employed in recent KC-135 low-gravity, flight trajectory tests e 
Screen types, configurations, and materials. - The screen type and coating ma- 
terial selected for the experiments appeared satisfactory. The installation scheme 
which permitted easy screen angle changes was very satisfactory. For more complex 
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Test IIA - Run Sequence #47; Channel Orientation - Horizontal; Screen 
Angle - 120'; Channel Stream Velocity - 80"/sec; Screen - 
400 x 400 Meshr 
Flow - 
Figure 83. - Typical Droplet Behavior - Movie Frame Prints 
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test environments it is reasonable to suggest that the task of screen assembly change 
occasioned by inclusion of mesh size as an experimental variable could well be accom- 
plished by a continuous belt o r  perhaps loop of screen made up of sections of different 
mesh. With such an approach, mesh size change could be effected by merely applying 
a specific number of turns to a reel. 
A note of caution should be raised concerning the contamination effects of foreign 
materials on the screen. During the course of the tests, contaminants, most likely in 
the form of residuals from the evaporation of the tap water which was used in the droplet 
generation, significantly altered the characteristics of the screen. Such a problem 
raises two important points, namely, 1) that future R&D tests consider using contaminant- 
free water, and 2) that application of the screen separator as an operational system may 
be severely limited by this demonstrated sensitivity, possibly restricted to only those 
functions involving contaminant-free, water/gas streams. 
A very important aspect of the success of a screen separator is the coating effec- 
tiveness of the screen as demonstrated by the very different results obtained with 
poorly coated as  opposed to well-coated screens. Exacting methods of specifying and 
applying screen coating a re  needed. 
Improved methods for keeping the screens flat should be devised so that visual 
and photographic inspection of both front and back of the screen is clearly available. 
This must allow visualization of the screen edge as a line not much thicker than the 
screen itself. 
Procedures. - Design of future tests should attempt to reduce the number of test 
points required to obtain sufficient data to examine and update the model. This will be 
more easily accomplished for future tests as a result of the data provided by the tests 
reported herein than it was in the design of'these tests, even with the two-stage design 
approach which was followed. In general, however, the procedures eventually employed 
were relatively simple to manage and should be considered as a starting point in the 
design of future tests. 
CORRELATION OF ANALYTICAL AND EXPERIMENTAL OBSERVABLES 
Correlation of the analytical models with experimental evidence is evaluated through 
the comparison of processed data with the predictive representations. The experimental 
data a re  processed to form significant parametric representations and are displayed in 
discrete form. 
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Predictive Data 
Predictions for Case 1, the screen separation system, are  listed in equation form 
in section headed ''Case 1 - Hydrophobic Screen Liquid/Gas Separation. I' Because of 
the complexity of the system, verification was not accomplished by comparison of pre- 
dictive and experimental data against a single criterion. Predictive data, therefore, 
a re  specifications of the expected trends of droplet behavior under isolated conditions. 
Each of the predictive equations will be separately discussed and related to the experi- 
mental results being presented. 
Experimental Data 
The following sections describe the individual test data obtained to verify the ana- 
lytical model of the Screen Separation System and present some conclusions relating to 
each test. It can be noted that the test design did not include an explicit examination of 
the behavior of the droplet during its transport along the gas stream; rather i t  concen- 
trated on the areas of major uncertainty, that of the behavior of the droplet during and 
immediately following its impact on the screen. 
Droplet Adhesion 
Adhesion forces tending to %ticki1 liquid droplets to surfaces were measured by 
placing water droplets of known sizes on several flat Teflon-coated square-weave wire 
screens. A s  the screens were tilted at  angles 8 to the horizontal, the angle was re- 
corded when the gravity force just overcame the adhesion forces. 
During the testing a screen change was made which showed that the previous screens 
were poorly coated with Teflon. Data from all tests are  presented in figure 84. Approxi- 
mately 50 data points were recorded. There were five drop sizes and four screens tested. 
Dropvolumes (cc): 0.01, 0.02, 0.03, 0.04, 0.07 
Screens (all square weave): 150X, 250X, 325X, 400X 
If an analogy is drawn between droplet 'friction" and solid material friction, drop- 
let motion should just occur when 
where is a friction coefficient and N is the normal force. Since fl  = 90 degrees 
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140 
120 
100 
80 
60 
40 
20 
0 
0 100 200 300 400 500 
Number of Screen Wires Per Inch 
Legend: 
- - 4 Range of' Data - 1 s t  Set 
Predicted Vdues 
1-1 R W  Of Data - a d  Set 
Figure 84. - Droplet Adhesion 
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for three-dimensional drops Fa is defined as: 
Examination of the first set  of data for the screens which were poorly coated showed 
no apparent correlation. The data points were quite scattered and, although the proper 
trends were visible, repeatability was poor. 
In reducing the second data set  collected against improved screens (250 mesh and 
400 mesh screens only) it was immediately apparent that r)-0 (see figures 6, 7, and 8 
of reference 13). Also, f was seen to depend upon the screen mesh. The following 
relationship was found to best f i t  the second data set: 
(3) 
2 
f = p X g sin 8 = 18700 n-I - 6.6 
where n is the number of screen wires per inch. 
Figure 84 shows the data and the correlation with equation (3). Agreement is seen 
to be good for the second data set  and poor for the first set. The curve shows that as  
the screens become more coarse, the effective friction increases sharply. Since there 
is an effective f fo r  a plane, smooth surface, the curve should approach this value asymp- 
totically as 7) + m. This is not shown since, f o r  the range of data taken, the simple ex- 
pression (3) seems quite adequate. 
Because Q - 0, one can assume that the mechanical type of rolling friction which is 
proportional to the normal force is not the dominant phenomenon. Adhesion of the liquid 
to the material is clearly the most important consideration. 
Pressure Loss in Flow-Through Screens 
Screen pressure drop was measured and used directly in the predictive equations 
without attempting to verify this section of the analytical model. Since only single drop 
experiments were anticipated, the effective solidity due to residence of more than one 
droplet on the screen was not determined. 
Coated screen pore sizes for the screens used in the test program were determined 
by microphotography. The hole-size measurement was used in place of the pore diam- 
eter, d, in analysis of data. 
Penetration Due to Screen Pressure Drop 
An attempt was made to isolate the effects of screen pressure drop on droplet pene- 
tration by placing water on a horizontal screen and increasing the a i r  flow rate until 
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penetration occurred. Rather large drops were used (in comparison with the screen 
pore size). 
Droplet volumes (cc): 0.01, 0.025, 0.05 
Screens (all square weave): 150 x 150, 250 ~ 2 5 0 ,  325 x325, 400 x 400 
Pressure range: 4,800 to 17,000 dynes/cm2 
The test were only partially successful in that penetratim usually was preceded by 
severe deformation and lateral motion of the liquid on the screen. A s  a i r  drag on the 
initially spheroidal droplets increased, the liquid deformed into a pancake shape, some- 
times with a pronounced center depression. Because of the deformed droplet shape, 
lateral motion on the screen occurred very easily. 
Since the predominant mode of operation of a liquid/vapor separator will induce 
droplet motion by angling the stream to the air flow vector, the droplet deformation 
mode will generally not occur. The results of this test a re  therefore presented in terms 
of pressure drop across the screen and screen pore size, while parameters connected 
with the drop shape (e.g., drag coefficient and droplet internal pressure) a re  neglected. 
The predictive equation is 
Figure 85 shows a plot of pressure difference across the screen required for pene- 
tration (AP) versus screen pore diameter (d). Sixteen data points are  included in the 
bar for d=-0.0102 cm (150 x 150 screen); fewer points a re  included in the other bars. 
Good correlation is achieved with a = 2.5, whereas Test I-D (13)showed that Q is prob- 
ably closer to 3.5. This discrepancy is attributed to the omission of gravity forces, 
drag forces, and droplet internal pressures in reduction of the test data. Because of 
the large drop deformations, these data a re  considered to be useful when correlated in 
the present way. 
It can be concluded that for screens with a mesh as fine o r  finer than 250 x 250 
(hole sizes smaller than 0.006 cm), droplet deformation will generally occur before 
penetration when droplet velocities are  low. Since the deformation leads to lateral 
motion on the screen, large (> 0.01 cc volume) low-velocity drops on inclined screens 
are  not likely to penetrate even at rather high values of screen pressure drops. 
Penetration Due to Impact Velocity 
Penetration of water droplets on screens was determined by dropping water particles 
from various heights onto Teflon-coated screens inclined at various angles. Approxi- 
mately 400 data points were recorded over five screen angles, four droplet sizes, and 
four different s c re  ens : 
24 8 
x 
a“ 10 
‘ R  
5 
0 
0 5 10 
d screen pore size cm x lo3 
Figure 85. - Penetration Due to Screen Pressure Drop 
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Screens (all square weave): 150 x 150, 250 x 250, 325 x 325, 400 x 400 
Angles to the horizontal, 7 (degrees): 0, 15, 30, 45, 60 
Drop volumes (cc): 0.01, 0.03, 0.065, 0.07 
Because there were no pressure forces on drag due to air flow, penetration should be 
governed by the following predictive equation: 
2 nd 
(F + Fr) (cos y) - + Fc = F st x2 g 
Ignoring drag in the droplet fall and setting 
the deformation parameter D = 1.0, 
v =J2gh 
0 
/ 
Equation (5) can be written 
Since h > > A  we have 
1 
0 
I 
t 
I 
I 
The following data were used: 
(5) 
Release 
Point 
p = l.O.gm/cc 
2 g = 980 cm/sec 
0 = 72 dynes/cm 
1 COS 9 I = 0.2924 
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Equation (6) then becomes 
- 13 .7  d 
h =  
4 6 . 5  dx COS =y 
o r  
d 
Q - 1 3 * 7 -  x 
46 .5  d COS y 
h =  
A preliminary determination of the value of the coefficient Q yielded 
a l F 3 . 5  
Over the range of most of the data 
d 
3 . 5  >>13.7: 
and equation (8) can be expressed in the approximate form 
0.075 
d COS y 
h =  
Figure 86 shows the data ranges and a plot of equation (10). Disagreement for h > 10 cm 
is due to neglect of a i r  drag on the falling droplets. Each data %barfT represents approxi- 
mately 20 data points. 
Several conclusions can be drawn. Most important is that equation (5) accurately 
predicts the droplet inertia required for penetration, under the test conditions, when 
Q =  3 . 5  and when the droplet deformation parameter, D, is equal to 1.0. Another 
important conclusion is that the droplet size is unimportant, over the range of data 
taken, for prediction of penetration. Droplet breakup upon impact was observed during 
Test I-D and is a strong function of droplet size. This phenomenon will be discussed 
later. 
Penetration Under Combined Conditions 
Penetration of droplets through Teflon-coated screens was tested with the combined 
effects of flow pressure drop across the screen, droplet impact, gravity, and a i r  flow 
drag. Impact of the droplets was normal to the screen with the duct in a vertical posi- 
tion. Gravity acted for and against penetration as the tests were performed in the 
"flow-up" as well as "€low-down" mode. 
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d cos y x lo-" cm 
0.01 
Figure 86. - Droplet Penetration Due to Impact 
To gbserve droplet behavior accurately, high-speed motion pictures were taken in 
the period of interest, i.e., just before and just after impact. Pictures were taken 
through the clear duct wall so that the screens were seen from an edge view. Difficulty 
in keeping the screens flat, however, resulted in the small droplets lldisappearing*l into 
the folds of the screen. This problem was solved by pushing the screen from the down- 
stream side with the flat face of a cylinder so that the extended surface was tight and 
quite flat. Good profile observations of droplet impact were then obtained. 
This procedure had a serious drawback, however, which was not realized until the 
testing was completed. Because of the way that the screens were stretched, the down- 
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stream portion of the duct could not be photographed. Penetration determinations were 
thus made visually and not photographically, with attendant reduction in observational 
quality . 
For the geometry of the test apparatus a penetration parameter, Pt, is defined, 
2 P t z ' f  p g h  + p ( c u  + 1 / 2 D v 2 ) + f o + A P =  h d 
with the following constant values used 
p = 1 gm/cc 
(5 = 72 dynes/cm 
\COS \k I = 0.2924 
g = f 980 cm/sec2 (+ for flow down, -for flow up) 
A sampling of the photographic data is presented in figure 87 where four data points 
are  obtained from flow-up and four points from the downward flow setup. Three points 
represent visual (not photographic) cases of "penetration" and five points were noted for 
"no penetration. I t  
Data shown in figure 87 are  computed by setting the drag coefficient to equal 0.003.  
This low value is not consistent with the theoretical predictions and may be the result 
of the data reduction o r  data recording methods. 
Best correlation was also obtained when the droplet deformation parameter, D, was 
equal to 1.0 .  This result, consistent with the previous penetration tests, suggests that 
the kinetic energy of impacting droplets is converted into pressure rather than lateral 
motion. 
One phenomenon not previously discussed is the apparent ability of the liquid to 
sustain temporary forces sufficient to cause penetration without its actual occurrence. 
It is possible for surface forces in the screen pores to be overcome, allowing a finger 
of liquid to be extruded from the screen. If the forces a re  suddenly decreased, surface 
forces can cause the extrusion to return to the screen with no actual penetration. 
Assuming that a t  the instant of droplet impact the fluid velocity 
of interest is the same as the impact velocity, then by conservation 
control volume through which the extruded liquid is moving we have 
in the screen pore 
of momentum in a 
- a (pv) dV = P A  R v '  
at - V 
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Figure 87. - Droplet Penetration 
- 
t 
20 
This defines the differential equation 
, R (0) = 0, R yo) = v impact 
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Define a, 5 A/d and t, = t / J x  
Substituting into equation (12) results in the nondimensional equaticn 
a,a," = -4 
with boundary conditions 
A,(O) = 1/2, a, 70) c vi4-u = v i  
Equation (13a) has been integrated numerically for W = 0 . 5 ,  1 . 0 ,  2 .0 .  The results in 
figure 88 show that a dimensionless initial velocity v$ between 2 and 5 probably is the 
critical region for detachment of the extended liquid. For Test 11-A 
Vi 30.8 I s 43.6 cm/sec 
because of the different screens used. This indicates that further investigation into 
this phenomenon may be fruitful, especially if substantiated by experimental data. It 
also indicates that the extrusion phenomenon could be used to reduce data scatter. 
Conclusions to be drawn from Test 11-A are  that, for the range of velocities, 
gravity, drop size, and screen mesh: 
a ,  
b. 
Gravity forces a re  not important to penetration. 
Penetration is not easily observed. High-magnification photography of the back of 
the screen would have been desirable in addition to the screen front face profile 
photographs obtained in this test sequence. 
Drag forces on the impinging droplets either are not strong o r  the test data was 
inaccurate. 
c. 
d. The deformation parameter for penetration is D 
angles examined, but is probably a function of the droplet-screen impact angle. 
1 .0  for the range of screen 
Droplet Movement Under Combined Conditions 
Figure 83 is an example of the photographic data taken in this phase and subsequently 
analyzed to confirm and determine criteria for droplet motion parallel to the surface of 
hydrophobic screens. Three basic phenomena were investigated: 
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0 0*5 1 .O 
Dimensionless Time t* = 
Solution of the  Equation: 
j&" = -4, l J0 )  = 1/2, &&'(o) = v* i 
where & = fi/d 
d = pore diameter 
Q = surface tens. cof 
p = mas8 density 
v i  = impact velocity 
Figure 88. - Impact Droplet Extrusion 
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a. Droplet deformation upon impact. 
b. 
c. 
A i r  drag on droplets attached to the screens. 
Influence of droplet velocity on initial movement parallel to screen (bounce o r  roll). 
Droplet behavior upon impact with the screens can be estimated by a Weber number in 
the form 
Photographic data from eight different test conditions indicate that two basic phenomena 
occur as below when the droplets are  stable just before impact: 
a. Fragmentation: We >lo0 
b. Severe deformation: We > 10 
Operation of a liquid/vapor separator is less efficient when the droplets deform. The 
photographic data indicate that when droplets deform, their residence time on the screen 
is of ten long enough so that they are  impacted by subsequent drops. This perturbation 
to the deformed (usually oscillating) drop often results in fragmentation. The small 
fragments generally stick to the screen. 
A i r  drag on attached droplets was studied by reviewing photographic data for drops 
stuck to the screens and drops slowly moving parallel to the screens. Cases where 
impact velocity was obviously influencing the droplet motion were not considered for 
this investigation. 
A force comparison 
was used to determine the appropriate value of C. Test results from 11-A were used for 
f .  Six data points for  droplets that stuck, and moved with and against gravity, indicated 
that C = 0.003 was the best value for data correlation. The results here are  consistent 
with the anomalous low C value obtained in Test 11-A. 
The point of incipient droplet motion after impact with the screens is determined by 
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where D is a deformation energy factor, an attempt to account for loss of droplet kinetic 
energy upon impact. Figure 89 shows that with C = 0.003 and D 7 0.03, a,fair division 
of the data into regions of motion and nonmotion seems to be predictable. 
A severe loss of kinetic energy is apparent in the'majority of data analyzed. The 
droplets, in almost all cases, strike the screen, deform into a very flat, thin, pancake 
shape, and then collapse into spheroidal shapes as a result of surface tension forces. 
The deformation is usually oscillatory and generally persists for several cycles until 
i t  is damped by viscosity. Thus, for the range of impingement angles studied (132 2 
8 2 60 degrees), only a very small portion (about 3%) of the droplet kinetic energy on 
impact was available for csnversion into lateral motion. 
Conclusions to be drawn from Test II-B are, in general, that droplet deformation 
should be suppressed when possible. The two main causes a re  high droplet velocity and 
large screen angle with the droplet incident path. By decreasing the screen angle, the 
large droplet velocities will be much less likely to cause droplet deformation and a 
larger fraction of kinetic energy can be converted to lateral droplet motion on the screen. 
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Figure 89. - Droplet Movement on Screens 
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Confirmation of the gravity-sensitivity predictions is considered good, especially 
since the droplet motions investigated were both with and against the gravity vector. 
Gravity is quite important when D is low as  was the case in these tests. For shallow 
screen angles and higher D values the gravity effect may easily be overcome by the 
inertia term 1/2 D ~2 pv2 cos 8,. 
Data Correlation 
The experimental data were correlated by evaluation of the constants of proportion- 
ality and undetermined coefficients in the equations. Determination of the coefficients 
was performed by intuitively selecting a best f i t  of the test data to the predictive equa- 
tions. 
In general, the experiments verified the basic form of the predictive equations. 
The data were useful in completing unknown portions of the model and eliminating 
others. 
Impact on the Analytical Model 
Droplet motion on the screen was found to be almost exactly as predicted insofar 
as adhesion is concerned. The coefficient f was found to be a function of the screen 
mesh, as  anticipated, and the normal force, as suspected, did not influence droplet 
motion, 
Deformation and fragmentation occurred at Weber numbers somewhat higher than 
expected, but the Weber number does seem, as anticipated, to be a good indicator of 
these phenomena. 
Initially, the drag force exerted by the air  flow on the droplet was omitted from 
the analytical model. Testing showed its effect to be present, but not as significant 
as predicted. 
Another unspecified phenomenon was the loss of kinetic energy of impacting drops 
due to deformation. Transference of all the energy available before impact into motion 
parallel to the screen does not occur. Addition of a correction factor was necessary 
to achieve proper correlation. In reality this factor is undoubtedly a function of the 
impact Weber number; however, no specific relationship has been derived here. 
The following conclusions can be stated: 
a. The factor n (number of screen pores covered by the droplet) can be algebraically 
eliminated from the predictive equations and is, therefore, not an important 
parameter. 
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b. 
C. 
d. 
e. 
f .  
Droplet size is not important in determining penetration due to impact. 
Gravity forces are  small by comparison with the other forces where droplet 
penetration is concerned. 
Forces normal to the screen have a negligible effect on droplet resistance to 
lateral motion. 
Screen coating is critical to the effectiveness of an operating separator. 
Penetration and droplet sticking occurred,frequently enough during these tests so 
that unqualified success of such a system cannot be assured. 
Further improvements could be made by development of a droplet generator that 
would discharge single drops over a wider range of sizes and velocities than were 
available in these tests. In general, the droplet size for the combined effects tests 
was 0.1 * 0.4 cm in diameter. Smaller drops would have been desirable in certain 
situations. Droplet velocities ranged from 100 cm/sec to 250 cm/sec. Extension of 
this range from 0 to 500 cm/sec would have been useful. 
Recommendation for Further Experimental Evaluation 
Laboratory experiments. - 
Screen separator: Further laboratory experiments at the level of the present tests 
are  not suggested except as might be desirable to aid in the application of the present 
model to particularized equipment configurations such as  that represented by the circu- 
lar channel and conical screen. Additional testing might also be justified if the model 
were to be modified to include the mechanism of hydrophilic screen absorption of the 
separated liquid. 
Vortex separator: Laboratory testing of the vortex separator would be useful and 
should be accomplished prior to low-gravity testing. The laboratory tests a re  useful 
in checkout of the analytical model and for determination of unforeseen testing diffi- 
culties and, as such, a re  highly recommended. 
Reduced-gravity experiments. - 
Screen separator: Laboratory testing has shown that the effect of gravity on droplet 
penetration through screens is negligible compared with the other forces involved. The 
following discussions, therefore, are  limited to investigations of the effect of gravity 
on droplet motion along the screen surface. 
Drop tower tests: The usually objectionable feature of short, low-g periods available 
during drop tower tests is not a problem for the screen separator. Sufficient duct length 
and air  flow equipment could be a serious problem and could limit productive drop tower 
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tests to cases without a i r  flow. Such data would be useful, and investigation into drop 
tower testing of this system is recommended. 
KC-135: Aircraft tests for low-g conditions would be able to include the a i r  flow 
requirement much more easily than the drop tower tests. From many points of view 
the aircraft is an ideal test bed for  the screen experiments. 
Orbital experiments: Most, if not all, the essential data concerning low-g effects 
on the screen separator can probably be obtaihed by means other than the orbital flights. 
Vortex separator: Because of the steady-state nature of operation of the vortex 
separator system, long-term testing (several minutes) is required. Due to setup time 
and the desirability of changing flow conditions during the tests, orbital experiments 
are  thought to be the only fully satisfactory way to evaluate this system. 
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ANALYTICAL MODEL NO. 5 - "CONVECTION HEAT TRANSPORT" 
The nomenclature used in the discussion of and the calculations for the convection 
heat traisport model is listed in table 31. 
DESCRIPTION OF THE MODEL 
The analytical model which has been developed describes the characteristics of 
convective heat transport in a fluid stream (ref. 1). The design of the analytical sys-  
tem is such that a focus is placed on the change in these characteristics in the transition 
from stable to unstable conditions within the fluid stream. The effect of inertial accel- 
eration is explicitly examined throughout. 
The model considers the effects on the predicted behavior within the system result- 
ing from variations in such parameters as: 
a. 
b. Stream velocity. 
c. Heat input/output rate. 
d. Fluid density . 
e. Stream profile characteristics. 
f .  Duct dimensions. . 
Gravitational field strength and orientation (the local-g vector). 
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Table 31. - Convection Heat Transport Model Nomenclature 
d duct height, p la te  sepwation 
L plate length 
g magnitude of ine r t i a l  acceleration 
x flow direction 
z direction nomal t o  flow 
a coefficient of thermal expansion 
x = -  thermometric conductivity 
PCP 
v kinematic viscosity 
AT temperature difference between plates 
3 = VTo 
p,p,$,T 
i n i t i a l  temperature gradient 
instantaneous density, pressure, velocity, and tempera- 
tu re  of a i r  stream 
v ' T  P0,p09 0' 0 mean values of density, pressure, velocity, and 
temperature of a i r  stream 
q, stream velocity 
Re = - Reynolds number %a v 
Pr = 2 Prandtl number 
G r  = gad3AT Grashof number 
RR = Pr e Gr Rayleigh number 
x 
9 
The model is principally designed to provide information in an area of the phenomena 
associated with convective heat transport where existing information is most wanting and, 
in many instances, an area of considerable concern to the equipment designer, namely, 
the conditions involved in the transition from convective heat transport to conductive 
heating and stream stratification under varying "gravitational environments. 
has relevance to the convective mechanisms of the humidification/dehumidification prob- 
lem (Analytical Model No. 2) and the interaction of multicomponent diffusion and heat 
transfer characteristics. For instance, the behavior of the gas phase of this process 
will depend strongly on the convective stabilities o r  instabilities due to adverse tem- 
perature gradients. The present model will, therefore, aid in developing design cri- 
teria for processes requiring laminar flow o r  special heat transfer properties as does 
This model 
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the humidification/dehumidification process. The model should help in solutions to the 
design of such items as equipment packages as related to their thermal control and 
heating chambers such as might be found in waste management and oxygen recovery sys- 
tems. The information made available through the exploitation of this model supplements 
that produced by Ballinger in an earlier phase of this program (ref. 2). 
General Approach 
Transition from thermal diffusion to convective thermal energy transport (when 
both processes a re  present) is dependent on the inertial field (e.g., gravity) by the 
character of natural convection. When forced fluid motion is not present and an adverse 
temperature gradient exists, the stability is determined by the Rayleigh number only; 
the transition is from thermal diffusion to natural convection. With forced fluid motion, 
the Reynolds number becomes important and the stability is associated with natural and 
forced convection exchange. In other words, instability occurs at the minimum tempera- 
ture gradient at  which a balance can be steadily maintained between the kinetic energy 
dissipated by viscosity (momentum) and the internal energy released by the buoyancy 
forces of the fluid. 
The equations used to describe thermal instability are derived from the general 
Navier-Stokes equation, continuity equation, and the energy equation. These a re  
4 
av  4 4 1  2 "  - - + ( v . v ) v = - - v p + v v  v + g  
a t  P 
4 
v * v  = 0 
a T  - -+ v VT = x v 2  T 
a t  
where p p, 2 and T are  functions of location and time. The stability model is based on 
a perturbation analysis wherein these instantaneous variables a re  assumed to be in the 
form 
4 "  -4 
I 
v = v  + v  
0 
P = Po + P./ 
P' Po + P f  
T =  T o + 8  
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where the variations (primed quantities) are assumed small compared with the time 
independent, mean quantities. po is assumed a constant since we are not assuming 
fluid columns of great height. The Boussinesq approximation is used for specifying p I 
is 
a Po 
8 = - p o a 8  
P 
where ais the coefficient of thermal expansion (volume), po is given by the hydrostatic 
equation, po = g a r  + constant. Therefore, the term in equation (1) can be 
P written as 
4 4  
0 
Second-order 
perturbation term 
The terms (;e v )v' 
order Perturbation 
and v". VT can be similarly simplified and after neglecting second- 
terms and noting that the mean quantities satisfy steady-state equa- 
tions (1) and (3), these equations reduce to 
4 v * v = o  
4 
where fl =VTo, the initial temperature gradient. 
This general system of five linear perturbation equations is simplified by neglect- 
ing derivatives of the initial velocity, i. e.,  assumed vo constant. The term (v * v ) v  
in equation (4) is, therefore, neglected. In addition, the pressure perturbation can be 
eliminated. Taking the curl of equation (4) once and twice yields 
4 4 4 
0 
The Model Defined 
The problem to be considered is flow between two infinite parallel plates, 
with a finite length, L, having an adverse temperature gradient. 
Neglecting the gradient of the initial, steady-flow temperature in the x direction, 
only the z component of equation (8) is required. In addition 
4 v = v x - u o   
g = gz = -g 
0 
4 
Therefore, taking the z component of equation (8) and rewriting equation (6) we have, 
a 2  a 2  4 1  
a t  z O a ,  
-v v '+u -v vz'=v v vz + g 
ae  a e  2 
-+ u - + v z ' p z = x v  e a t  o a x  
where 
(9) 
To s initial temperature field established by conduction only. 
Stability is established by using a normal mode analysis and solving for the margin- 
ally stable state (ref. 3). 
- av2 vz '+uo - v  a vz ' = U T  4 v z ' + g a v  ( " - 2 1 6  a2 
a t  ax  
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Equations (11) and (12) may be solved for  the temperature perturbation, 
($ + u o - v  a x  a 2  - u v 4 ) ( t  v e - -  & a x  0 a @  - - - -  & a t  1 ae )  
( 2 3 8  
(13 1 
U 2 
= g a v  -- 
The problem is that of uniform translation with diffusion of the perturbation quantity 0 ; 
therefore, a pseudo-time variable, characteristic time, is defined, 
Equation (13) becomes, 
The normal mode analysis is used to reduce the partial differential equation to an ordi- 
nary sixth-order equation , 
m r  O;n=1 ,2 ,3 ,  . . . ; p  r O  
n7Tz 
d The z functional, sin -, was determined by the boundary condition that 6 = 0 at  z = 0, d. 
It is also necessary to assume that pz  B(x) a function of x only. 
Equation (14) becomes, 
where 
2 2  m 2 2  n k2 = - + -  
d2 d2 
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choose p = p a constant, 
0 
Equation (15) reduces to, 
2 2  
d2 
2 2  2 n T l  kz =---- 
d2 
AT, 
B o = - d  
where 
+ 0 R e  F (1tPr) 1 
A2 = 3a4 + 2 0a2  Re e( l+Pr)  + 0 2 2  Re Pr c2 - Rk 
0 + 0 a 4 R e c ( l + P r ) 0 2 a 2 R e  P r c  -Rka:] 
._ 
2 2 
L 0 'p- 
UO 
X L x e - - r O < X < -  d d 
k2 d2 
ky2 d2 
Reynolds number 
UOd - 
U 
O1 (AT) d3 Rayleigh number E G r  Pr 
X V  
V - Prandtl number 
X 
d height 
L length 
ratio -- 
268 
For marginal stability take e periodic in A, 
2 '  
aT 
Equations (16) and (17) define the Rayleigh number in terms of other non-dimensional 
parameters, 
4 + o Re F [ ( 1 + y ) a ~  2+a Re ,,,I) '.aT 
2 2 2  
a = a  + a  
T X 
2 2 2  
az G kZ d 
The "u'' is a growth parameter that represents the change in the perturbation magnitude 
over one transit time (eo). 
L 
For Re = 0 o r  large >> 1 (which implies E - 0), equation (18) is consistent with 
the equation for no flow stability (ref. 2). A plot of equation (18) for fixed Re, Pr , and 
c is given in figure 90. The meaning of equation (18) and figure 90 is this: for all 
Rayleigh numbers less than that given by equation (18), disturbances with the wave num- 
ber aT will be stable. These disturbances will become marginally stable when the 
Rayleigh number equals the value given by equation (18); when it exceeds the value 
given by equation (18), the same disturbances will be unstable. The critical Rayleigh 
number, RA,, for the onset of instability is, therefore, determined by finding the mini- 
mum value for Rayleigh number versus wave number (i. e. ,  at  - a R~ = 0). 
aaT2 
(19) 
(l+Pr)-3az)aT 2 -4 - 
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Figure 90 .- Stability Defined-Critical Rayleigh Number 
Using 2 ,  the real solution to equation (19), in equation (18) yields, T 
(z; - az”) 
f i x e d  
RA = f (UReC ) for constant Pr,. 
Figure 91 illustrates the dependence of critical Rayleigh number, the stable/unstable 
boundary, on the Reynolds number height-to-length ratio product. 
- 2  
The intercept of the curve is easily found by solving equation (19) for aT at  Re = 0 
and calculating RAc from equation (20). A value of RRc = 657 is found. For the no-flow 
condition o r  infinite length section, the time for development of the instability is infin- 
ite; therefore, the critical Rayleigh number or  adverse temperature gradient is low. 
A s  flow increases o r  the section length decreases, the time available for instability 
development is reduced and the critical Rayleigh number is increased. 
The model has direct relevance to the diffusion/convection mechanisms described 
by analytical model 2,  and thus should be explicitly treated in the future development of 
the two models. 
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Figure 91. - Stability Boundary 
Physical Description of Stability/Instability and Higher Order Transitions 
The stability analysis developed in the previous section pertains to the boundary 
between forced convection/conduction heat transport and natural convection/forced 
convection heat transport. The forced convection is the primary flow in the system, 
figure 92. The natural convection is the secondary flow superimposed on the primary 
flow. The physical character of the stable/unstable boundary is the specification of the 
onset of laminar, steady (in time) secondary flow, natural convection, figure 93. 
Both the stable forced convection and the unstable, laminar natural and forced 
convection are  steady flows in time (no local time dependence). Region I (see figure 
94) is defined as the stable forced convection/conduction flow region; Region I1 is 
defined as the unstable, but steady in time, laminar natural/forced convection flow 
region. The stability is only relevant to the ability of thermal diffusion (i.e., conduc- 
tion) to satisfy the heat transport requirements in the adverse temperature gradient 
environment. When this is insufficient, then unstable convective or  secondary flow 
appears to provide additional thermal energy transport. 
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v 
Streamlines 
Figure 92. - Streamlines [for stable, forced convection 
primary flow (steady in time)] 
Figure 93. - Streamlines and Stationary Vortices [for unstable, 
natural and forced convection, primary plus 
secondary flow (steady in time)] 
A s  the adverse temperature gradient increases, the vortex strength and distribution 
increases until the entire flow is populated with vortices and they begin to statistically 
become independent from the bulk fluid motion. At this point, a second transition occurs, 
the development of turbulent, unsteady natural and forced convection. Figure 95 illustrates 
the multiple vortices and their motion relative to the stationary observer (the vortices a re  
convected past the observer yielding a local unsteady temporal character). 
Region I11 is, therefore, defined as unstable, unsteady in time, turbulent natural 
and forced convection. The title turbulent is used since the demarcation from Region 
I1 to Region I11 specifies the onset o r  development of turbulent eddies and rapidly degen- 
erates into developed turbulence. 
The Rayleigh number ratio for specification of the Region I/II boundary and the 
Region II/III boundary should be essentially independent of Reynolds number provided 
the primary flow is well below the critical Reynolds number for laminar, turbulent 
transition. This is the situation for the major portion of theRegion I/II boundary 
(Re 2 1000). The implication is that the natural convection laminar-to-turbulent 
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W Flow + 
Figure 95. - Vortex Distribution (being convected past 
an observer illustrating unsteady, unstable, 
natural and forced convection) 
transition is only a function of the adverse temperature gradient environment and that, 
for nearly uniform velocity profiles, the interior of the fluid is not mechanically coupled 
to the boundaries (e.g. , entering laminar primary flow); therefore, thermal energy 
transport mechanisms occur freely including the laminar-to-turbulent natural convec- 
tion of secondary flow transition. The time required for stability degeneration of the 
laminar natural convection and the turbulent natural convection are similar. This is to 
say that the shape of the Region I/II boundary is approximately the same as the Region 
II/II boundary only the intercept at Rec=O is different (see figure 94). The result is a 
second transition curve, which is analytically similar to the Region I/II boundary (stable, 
unstable limit in figure 91) but displaced upward in Rayleigh number. 
The preceding several paragraphs describe the three distinct regions on the plot 
of Reynolds number versus Rayleigh number (figure 94). These in turn are separated 
by two transition boundaries, one between stable and unstable laminar flow and the other 
between steady and unsteady flow. The Re= 0 intercept for the former curve has already 
been stated as RAc= 657. The intercept for the turbulent transition has been experiment- 
ally found to be about 4 x lo4  (ref. 4). The shape of the laminar-to-turbulent transition 
boundary is arbitrarily drawn based on the preceding similarity discussion. 
The two transition intercept points (i. e. , Re = 0) of figure 94 have been studied 
extensively, both analytically and experimentally (ref. 3 ,4 ,5 ) .  Below RA = 657, heat 
flows only by conduction (thermal diffusion). A s  the Rayleigh number is increased, 
convection currents are set into motion, and the overall unit conductance (heat transfer 
coefficient) increases. The motion is laminar but unstable until the Rayleigh number 
reaches about 4 x104 where the particle motion becomes stochastic in time. In the 
laminar region the motion is cellular and looks somewhat like a honeycomb. These 
regions of local circular motion are commonly referred to as Benard cells and in the 
first instance after transition are hexagonal in shape. Further increase in RA produces 
cells of smaller sizes and various shapes. A thorough treatment of this phenomenon is 
found in reference 3. 
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Because Region I1 is temporally stable, the insertion of a velocity-sensitive device 
into the flow stream will not produce a signal. Only methods using interferometry, con- 
trast photography, o r  smoke streams are  useful in visualizing the spatial distribution 
in the laminar Region 11. In Region 111, however, point source probes, such as hot-wire 
anemometers and thermistors, can be used to measure velocity o r  temperature fluc- 
tuations. 
THE COMPUTER PROGRAM 
A computer program was used for the numerical solutions required in the determin- 
ation of RAc and the stability boundary. A CDC 6400 library routine, which finds roots 
to general polynomial equations, was used to find the real and physically reasonable 
root toequation(19). The result was used in equation (20) to specify the critical Rayleigh 
number. 
It was not considered necessary o r  particularly relevant to attempt to construct 
a simulation model at  this point at least. 
APPLICATION TO LSS DESIGNS 
The generalized nature of the analytical model provides a relatively high probability 
that the model can be directly applied to the development of several LSS design approaches. 
Table 32 identi€ies examples of the type of ISS equipment which, potentially at least, will 
be so designed that the model can be profitably applied in the analysis of primary o r  "on- 
design" modes of operation. However, because of the model being concerned with the 
transition between two operating regions, the model certainly has utility in the assess- 
ment of gravity effects on "off-design" o r  marginal performance conditions. 
The major application of the analytical model will be in the design of those systems 
where heat transport by convective mechanisms is important. A s  has been pointed out 
previously, this model has a direct relevance to the diffusion/convection mechanisms 
treated in analytical model 2 and the humidification/dehumidification process. Most 
likely simultaneous consideration of the two models is needed to aid the designer of 
humidity-control equipment. In this problem the three parameters of importance will 
be mixture quality, temperature, and flow velocity. Simultaneous use of the two models 
would provide information concerning a prime variable, like heat transfer rate o r  con- 
densation rate, by using temperature and velocity data in this model and quality and 
velocity data in model 2.  In addition, both models predict medium behavior in reduced- 
gravity situations. 
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Table 32. - Examples of LSS Equipment Designs for which 
the Analytical Model has Relevance 
Equipment Type by Degree 
of Relevance by Mode 
Lss Function 
Oxygen Supply & Recovery 
Water Reclemat ion 
Humidity Control 
Environmental Temperature Control 
Sanitation & Hygiene 
Model Relevance 
I 75 
* Degree of relevance: A implies a high degree of relevance both as t o  
similari ty of' t he  model t o  the  equipment processes under design, com- 
bined with a high probability tha t  the process w i l l  be extended into 
similar designs i n  updated systems; B implies a lower degree of simi- 
l a r i t y  and/or probability of extension to similar designs., 
we Equipment type identified by LSS equipment reference number., 
ww Such items as cabin air  temperature control includiw cabin air  as a 
heat sink f o r  equipment cooling are not covered under t h i s  contract. 
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EXPERIMENTAL EVA LUA TION 
Requirements 
An evaluation of the accuracy of the predictive aspects of the analytical model should 
include the following observations against each condition in a set  of steady-state condi- 
tions : 
a. Flow rate (mean velocity). 
b . Temperature profile. 
c. Velocity profile. 
d. Locus of instability onset. 
The design of the experiments should be such that they include an examination of 
the potential effect on the model parameters of various values of the local inertial 
acceleration vector, especially with respect to the effects on transitions from laminar 
to turbulent flow. Analysis of the experimental data may lead to altering and/or aug- 
menting the analytical model in this area, especially with regard to arbitrarily chosen 
parameters in the marginal stability analysis. 
Description of the Emeriment 
Major Goals 
Primary. - To record the various flow patterns which develop in a ducted air 
stream due to an imposed temperature differential acting along the vertical axis of a 
horizontally oriented channel. The data collected against the observations are  required 
in the evaluation and possible modification of an analytical model which has been devel- 
oped to predict the stream characteristics operating in response to imposed heat loads. 
Secondary. - To examine various experimental techniques, both for their appli- 
cability to laboratory test and for their potential in the design of apparatus and techniques 
for experimental tests to be performed under reduced gravity. 
Principal Observations 
Principal observations are as follows: 
a. The experimental observations required for this evaluation were the characteristics 
of the stream flow patterns with respect to the degree of thermally induced (con- 
vection) turbulence present., 
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a. 
b. 
C. 
d. 
e. 
f .  
b. The experimental variables programmed against these observations included: 
1. A i r  flow rate. 
2 .  Temperature differential. 
3.  Channel orientation. 
Criteria for Test Model Design 
The test model and its supporting apparatus were designed under the following 
criteria: 
A nonturbulent a i r  stream be controllable in a range of channel velocities from 
essentially o to 4 ft/sec. 
A temperature differential along the vertical axis of a horizontally oriented channel 
be controllable within a given area of the channel in a range of 0 to 50°C. 
The temperature differential be attainable both positively and negatively with 
respect to the vertical axis. 
The effect of the temperature differential on the flow patterns within the controlled 
area of the channel be measurable and recorded in real time and, insofar as practi- 
cable, be made visually observable. 
The parameters defining channel flow conditions be accurately measured and pre- 
cisely recorded. 
Maximum utilization of previously employed test apparatus with minimum outlay 
for  labor and material costs as dictated by the realities of the cost and schedule 
constraints imposed by the objectives of the NAS1-8494 contract. 
Test Apparatus 
The concepts relative to test apparatus requirements as illustrated in ETP 5 were 
only slightly modified by interactions between the on-going maturation of the analytical 
and accompanying test design studies. The apparatus used in this experiment is shown 
schematically by figure 96 and pictorially by figure 97. 
A i r  stream control assembly. - The air  stream control assembly, essentially 
unmodified from Test 2 and 3A, consisted of the following components: 
a. Blower. 
b. Plenum chamber. 
c. Inclination pivot axis suspension. 
d. A i r  flow control. 
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Figure 96. - Test Apparatus Schematic 
The blower was a Dayton, Model 2C570, with a modified (restricted) single-side 
inlet. 
The plenum chamber was fabricated from two metal drums attached end-to-end 
and coated with corrosion-resistant paint. The chamber volume was approximately 
13.3 ft3 over an inlet-to-outlet distance of approximately 5.7 feet. The exit end of the 
chamber was removable (typical drum top peripheral over center compression ring 
clamp). An adaptor section was incorporated into the exit end of the chamber to facilitate 
1) channel inlet instrumentation mounting, 2) channel attachment, and 3) minimum dis- 
turbance in the transition from plenum to channel stream velocities. 
The inclination pivot axis suspension was a simple double A-frame construction 
fabricated from 1.5-inch-diameter commercial pipe and Nu-Rail fittings. A i r  flow 
was provided in a controllable range from essentially 0 to 20 ft/sec in the 30 in? 
cross section channel without exit flow meter impedance and 0 to 5 ft/sec with the exit 
impedance. 
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Figure 97 - Test Apparatus Photograph 
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Flow channel and test section assembly. - The details of the flow.channe1 and test 
section a re  illustrated by figure 98. The channel was constructed principally of plywood 
to take advantage of both its workability and low thermal conductivity. Its overall length 
was approximately 64 inches including the inlet screen assembly and the converging exit 
section. 
2.5 by 12 inches throughout the main section, and approximately 1-3/4 by 2-1/2 inches 
at  the outlet of the converging exit section (inlet-to-instrumentation manifold). A flexible 
duct, coupling the channel exit and air flow transducer manifold, was fabricated from 
nonporous silicone sheeting to provide shock and vibration isolation between the two 
assemblies. The air  flow transducer manifold was constructed of a block of hardwood 
approximately 3 by 4 by 3 inches through which three tubing runs of 17 inches each were 
extended in diverging directions. This configuration permitted a minimum flow distur- 
bance a t  the inlet and in-line transducer installation without tubing bends while requiring 
minimum fittings and a minimal fabrication cost. 
The channel cross section was approximately 10 by 12 inches at the inlet, 
Initial exploratory runs indicated that stream turbulence was higher than desirable 
and operated to mask-off at  least the initial indications of the convection phenomena. 
An inlet screen assembly was designed to minimize this interference. The effect of the 
installation is illustrated by figure 99. 
The inlet screen assembly incorporated five stages of 15 by 15 mesh copper screen 
spaced approximately 1/2 inch apart. The channel inlet was constructed to provide a 
two-dimensional flow convergence over an &inch run. The configuration of the conver- 
gence was based on the curvature of a "30-degree elipse'' tangentally intersecting the 
plane of the channel and the end plate of the screen assembly noma1 to its minor and 
major dimensions respectively. The converging section produced approximately a 4 to 1 
reduction ratio with the 2-1/2- by 12-inch channel. The exit section was designed as  a 
converging, transparent section to provide both a means of obtaining a reasonably uni- 
form acceleration to that required by the channel flow measurement assembly and a 
potential means of lighting and observing the channel interior. The section was con- 
structed of 1/2-inch lucite flat stock. 
The test section incorporated two opposing metal plates installed normal to the 
vertical axis (i.e., top and bottom) each constructed of aluminum sheet stock 1 2  by 12 
inches by 1/2 inch. One plate was heated with a 6-foot run of Cal-Cord heating tape 
#33725 (240 watts) attached to the exterior surface and insulated to ambient. The other 
plate was temperature stabilitized (cooled) with a controllable flow of water directed 
across its exterior surface through a well of approximately l-inch depth. 
A removable viewing window of approximately 2-1/2- by 12 inches was built into 
the channel wall to provide visual and photographic access to the test section. 
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The interior surfaces of the channel, including the thermal plates, window, and all 
joints, were initially sanded and, following assembly, were joined and sealed internally 
and/or externally with Duxseal (putty). 
Instrumentation. - A s  shown in figure 99, the major components of the instrument 
complex were: 
a. Channel A i r  Flow Velocity Measurement (Manual Recording) 
1. Flow Transducers 
a )  Turbine type - Flow Technology: FT-24M-GL #24001 (vvA'v) 
b) Turbine type - Flaw Technology: FT-12M-GL #22001 (vfB'v) 
c) Hot wire anemometer - Technology Versatronics: MFG-10-12T #1441 (Wvv) 
Signal Converters - Data Readouts 
a) 
b) 
c) Mass flow meter - Technology Versatronics: MFG-10-12T #1441, 
2. 
Type 545 oscilloscope - Tektronix #14773 
EPUT and timer - Beclanan 7360R 
50-400 Hz (matched to transducer) 
b. Plate Ternperahre (Manual Recording) 
1. Chromel- Alumel Thermocouples 
a )  
b) 
Potentiometer - Leeds & Northrup (plus ice bath reference) 
Cold plate - leading edge, trailing edge (2) 
Hot plate - leading and trailing edge, center (3) 
2. 
c. Turbulence Indicator (Machine Recording) 
1. 
2. 
3. Brush recorder - Sanborn 7700 series, 8 channel 
Thermistor network - VECO type 31A7, 1K (7) 
Signal amplifiers (bridge circuit control, see Schematic) 
d. Turbulence Visualization (Manual and Photographic Recording) (Smoke generator, 
nozzle, lighting, high-speed camera). 
The turbulence-sensing thermistors were mounted in a rack so that they were evenly 
spaced fore to aft along the channel over a distance defined by the leading and trailing 
edge of the opposing hot and cold plates and in a plane parallel to surfaces of the plates. 
The location of the thermistors with respect to the distance between the plane of the 
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network and that of the hot plate was adjustable through a range of 1-1/2 inches from a 
point approximately 3/4 inch "above" the plate. The plane of the rack could also be 
canted with respect to the plane of the hot plate, making it possible to position the trailing 
edge thermistor approximately 1/2 inch "above o r  below'' the leading-edge thermistor. 
The extremely fragile nature of the thermistor leads requires that they be structurally 
protected from all tension stress. 
Smoke visualization was provided by metering bottled a i r  through a smoke generator 
and driving the smoke through a nozzle located in the plenum approximately 3/4 inch up- 
stream of the first stage of the inlet screen assembly. The location of the nozzle was 
adjns table. Smoking tobacco (cigarettes), a traditional fuel for high-performance smoke 
tunnels, was used for generator fuel thus providing a dense smoke made up of excep- 
tionally low-mass particles. 
Visual and photographic observations were accomplished through the viewing window 
with lighting access through the transparent panels of the converging exit section. 
TEST PROCEDURES 
The concepts presented in the Test Plan (ETP 5, 19 September 1969) were found to 
be generally applicable throughout. The guidelines for the design of the experiment and 
formulation of the procedures a re  illustrated by figure 100. 
An initial set  of test procedures was developed from the guidelines implied by 
figure 100 and as organized by table 33. As a result of the information produced by the 
Trial Data Runs, a second set  was formulated for the Formal Data Runs as shown in 
subsequent sections e 
Similar tests were run against each of two channel orientations with respect to the 
local gravitational vector, specifically one set  with the hot plate %elow" the cold plate 
and one set "abovevf the cold plate. 
Final assembly of the test apparatus was initiated on 19 February. The Exploratory 
Data Runs, including component checkout and calibration, were started on 25 February 
and extended through preliminary systems checks on 9 March. During this period minor 
system modifications were made including the addition of the inlet screen assembly and 
various instrument adjustments. 
Trial Data Runs were initiated on 11 March. Formal Data Runs were initiated on 
1 7  March and completed on 23 March. 
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in i t i a l ly  predicted. 
Figure 1'00. - Experiment Design Guidelines 
2 86 
Table 33. - Initial Trial Data Run Design 
NOTE: Run sequence establishes a AT as near as practicable to one of the 
values shown and then schedules the applicable range of air flows. 
Al l  conditions data a re  manually recorded against each set point 
and in turn related to the strip chart recording. 
Conditions data: 
Temperature: T i  & 2; T3,4 & 5; TA 
Channel Stream Velocity: Sensor A, B, or C 
Test Data Summary 
Data were recorded against two sets of experiments, namely, Exploratory Data 
Runs and Formal Data Runs. 
Exploratory data runs. - These runs were essentially instrumentation and test 
mode evaluation, system and procedure modification, and system calibration. 
Resolution of test uncertainties and calibration: Several major questions concerning 
the capability of the experimental apparatus required resolution through exploratory runs 
and the analysis of data. These questions included: 
a. Rate of hot plate temperature variation over time for each of the several candidate 
stream velocities. 
Attainment and control over stream velocity. 
Precision in control of AT especially at  the lower values a 
b. 
c. 
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d. Capability of the thermistor circuits to provide a meaningful indication of the nature 
of the thermally induced stream turbulence. 
Possibility of the elimination of the channel-induced turbulence or ,  if not, the 
possibility that indications of this turbulence be analytically isolated from the 
indications of the thermally induced turbulence. 
Clarity with which the stability/instability transition characteristics can be observed. 
e. 
f .  
Calibration and trial data: Calibration data for the turbulence indicator system 
(thermistors) are  given by table 34 and figure 101. Flow meter calibration is given by 
figures 102 and 103. 
A summary of the trial data runs of 12 March is recorded on table 35. Samples 
of the strip chart data relating to these runs a re  included as figure 104. 
Following a series of exploratory runs which included those producing the sample 
data shown on table 35, it was determined that: 
a. 
b. 
C. 
d. 
Temperature control of the hot plate, although somewhat marginal, was sufficient 
to perform the experiment especially with the T2 data included as one channel of 
the strip chart recordings. 
Stream velocities were controllable throughout the range required except that 
variations in the ffquality71 of the laboratory air  due to the a i r  conditioning cycle 
was suspected of imposing a periodic (1 to 2 minutes) alteration on the blower inlet 
and thus the observed flow patterns when operating and the very low stream veloc- 
ities. 
Following the installation of the inlet screen assembly, indicated turbulence was 
reduced by roughly two orders of magnitude to a sufficiently low level to be of 
little if any significance (see figure 105). 
The stability/instability characteristics can undoubtedly be observed and the tran- 
sition points identified, but most likely at a much lower channel stream velocity 
and a t  lower ATs than anticipated, probably in the range of O<AT < 50" F and 0 < 
uo < 1.5 ft/sec. 
Formal data runs. - These were the runs that produced the data against which 
the analytical model was evaluated. The experimental variables were channel stream 
velocity, temperature differential, and channel orientation to the gravity vector. Samples 
of the data collected during the formal data runs are presented in the following form: 
a. 
b. 
c. 
Manually recorded data, table 36. 
Machine-recorded data, figures 104 through 111. 
Photographs of smoke streams, figure 112. 
288 
n 
F : z  
$2 
8 
Y 
0.90.0.0. 9 
0 0 0 cu (u W ' ( u  (u 0 0 0 d 
0 . 0 . 9 9 9  9 
O O O N ~ ~ C U C U O O O d  
9 0 . 9 9 9  9 
0 0 0 ( u ( u ( u ( u ( u 0 0 0 d  
m 0 0 0 L? In 
9 9 9 9 0 .  9 
o o o a a a ~ ( u o o o d  
Y 
U 
d 
A 
2 
9 0 . ? ? 0 .  9 8 o o ( u c u m ( u a o o o d  
289 
x 
c, 
d 
8 i 
3 
I 
2 90 
90 
80 
70 
60 
50 
40 
30 
20 
10 
n 
1 2 3 4 5 6 7 8 9 1 . 0 1 1 1 2  
Sensor Signal Frequency (Hz x 
Figure 102. - Turbine Flow Meter Calibration 
4.0 
2.4 
Streem 
Velocit  
1.6 
0.8 
0 
0 20 40 60 80 100 
Percent Flow 
Figure 103. - Mass Flow Meter Calibration 
Stream 
Velocit 
291 
, 
. - Turbulence Indicator Data Sa 
3 
mples 
2 92 
n 
25 
u 
n 
N x 
4- 
I m 
3 s  mL- 
e 
Ln 
at- + 
4l-l 
e 0 
0 
r;3 
2 93 
294 
m 
I-4 c 
=1 
.do 
rd 
2 
bn 
m 
.rl 
4 
d a 
m cn m 
0 cil 
0 0 O d  
m 
d 
0 
8 
z x  
a .  0 0 0 0  
W m cil 
rl 
0 
0 
0 
0 . e  0 . o o o o  2: 2! e o  
~ ~ 
W 
Q) d r l m  c- 
d 
0 
0 
0 
0 0 0  0 ~ 0 0 0 0  
g 2  
- 0  
m b c i l  m 
cil 
0 
m 
0 
0 . o  0 - 0  0 * o o o o  2):  
0 0 0  c- 
d 
0 
0 . o  0 . .  0 . o o o o  3 2  3 
cil 
rl m 
0 0 
- 0  0 
W r l  v 3 m  
o r l  
s .  
CD 0 
0 m 
0 0 
0 ~ 0 0 0 0  
m m 0 
m W W m c o  
W z g  W W W W  
2 95 
b Q )  
r l b  
0 0 - 0  
w r l  
b m  
0 0  
b 
0 
0 
n 
m a  
r( 
+' 0 0 0 0  I 0 . .  
Q) 
0 0 Q ) r l  
0 r l r l a 3  . o r l o  
I . . .  
r l c o N  
o n  cu 
,y 0 0 0 0  
R 
0 3  
*r4 0 0 0 0  
Lo 
zo 
v 
0-2 
0 N o t -  
0 o r l o  
o * *  
I 
Q) 
0 W O N  
PI M 0 N a c o  
0 0 0  
Q) c o m w  
M N m  
0 o r l o  
E 
g . 0 0 0 0  I . e .  
R c u  
21 
0 
I 
. . .  e, 0 0 0 0  
N 
l4l0 0 0 0 I . . .  
4 ? N b 
M 
W 
lo m m a3 I 
a3 a3 
a3 a3 
I 
b b 
0 
2 
2 96 
q a t 8  sauple taken from a 
aloee t o  the termination 
the run. 
Figure 106. - Turbulence Indicator Data Samples Formal Data Runs 150-165 
2 97 
Figure 107. - Turbule nee 
-. . . =-I-T;r-- ... , . 
. % , . ' P  - . 
ramples 
298 
Figure 108 - Turbulence Indicator Data § amples 
2 99 
Figure 1 09. - Turbulenc e Indicator Data Samples 
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Figure 110. - Turbulence Indicator Data Samples (Photo Runs) 
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Figure 111. - Turbulence Indicator Data Samples (Inverted Channel) 
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Figure 112. - Smoke Stream Visualization of Channel Flow 
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Critique of Test Design 
With the exception of the initial uncertainties regarding approaches to the design of 
the turbulence indicators, the general approach to the test design appeared to be straight 
forward, tests were easy to manage, and construction costs were low. Many of the ele- 
ments of the design should prove to be candidates for future test designs while attention 
to several of the less desirable aspects of the design should be of value in avoiding future 
problems e 
Instrumentation. - The requirement for precise and accurate measurements of 
channel stream velocity, plate temperature, and turbulence velocites make this experi- 
ment a difficult one to instrument. The instrumentation which was employed in this. 
first  phase met both the primary and secondary requirements, specifically 1) to provide 
a means of collecting data to be used in evaluation of the analytical model, and 2)  to pro- 
vide a base of experience from which future tests can be designed, Relative to the latter, 
it is probable that if any major changes a re  indicated, they will involve augmentation of 
the thermistor turbulence sensors with a system providing a more explicit definition of 
the stream characteristics such as might be expected from such optical systems as the 
interferometer. Such a system would be an upgrading of the smoke visualization as 
employed. However, the thermistor/hot-wire anemometer sensing devices, as turbu- 
lence indicators, were very well suited to this experiment as they were sensitive to 
extremely small velocities (order of tenths ft/sec) and produced many millivolts of out- 
put voltage. 
For future designs, stream velocity, temperature, and plate temperature measure- 
ments eould well be merely improved versions of the initial phase designs. Attention 
must be directed to selecting measurement devices with low hysteresis characteristics. 
Specifically, the turbine meters required 
torques due to the inherently high induction drag associated with initial rotor armature 
acceleration. This was not unduly limiting with the larger meter ("A") which permitted 
sufficient channel flow to meet the starting requirements, but with the smaller turbine 
on the line, channel flow was so  restricted that starting torques were not attainable and 
an auxiliary starter (vacuum cleaner inlet held close to the turbine exhaust) was re- 
quired. The use of an axial blower instead of the industrial radial blower employed 
would reduce the rate of flow drop-off with increased channel resistance and thus poten- 
tially at least reduce the starting problems if such existed. 
torques fa r  in excess of running 
Process apparatus e - The experiment demonstrated the feasibility of constructing 
a simple and economical channel and stream control. Improvements in stream control at  
the << 1 ft/sec range will be required for more complete examination of the model, es- 
pecially during low-gravity experiments. Such improvements should be simple to attain 
and indeed were considered attainable even in this first phase if such became necessary. 
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Channel leakage is an ever-present problem and of course was magnified by the 
decision to position the blower at  the channel inlet rather than at the turbine meter and 
thus channel outlets With the availability of higher performance equipment, consider- 
ation should be given to repositioning the blower. 
Closer control of plate temperature is desirable and, although rejected for the cur- 
rent design due to cost and schedule constraints, should be considered for future designs. 
A square cross-section (quadratic) converging inlet nozzle and graduated screen 
assembly would provide better flow stabilization than the simple design employed. 
Procedures, - In general the procedure proved to be adequate and well organized, 
resulting in an economic and effective test. 
The selection of set  points and the range of velocity and temperature variables for  
this investigation were somewhat unsatisfactory. Originally, the velocity was expected 
to range up to 5 to 10 ft/sec, but meaningful measurements data were obtainable only in 
the range 0 to 0.5 ft/sec. However, in this range the velocity-sensing devices were 
the least accurate. This problem can be circumvented by changing the duct dimensions 
(decreasing height d) so as to increase velocity for the same flow. It would also have 
been desirable to measure plate temperatures more accurately than the f 0.3" F obtain- 
able with the standard thermocouple circuits employed. 
Except for the additional procedures dictated by the improved instrumentation sug- 
gested herein, it  is not clear that future test designs will require significantly different 
procedures e 
Correlation of Analytical and Experimental Observables 
Predictive Data 
The primary variables in the analysis result from an inspection of equation (20). 
These a re  the Rayleigh and Reynolds numbers which in turn are  simply related to the 
temperature difference across and the mean velocity through the duct. Since the stability 
boundary is strongly affected by the choice of the growth parameter, 0, it may be better 
to let i t  be a parameter. Figure 113, therefore, illustrates the type of predictive data 
that is characteristic of the analytical model for various values of 0. An additional 
curve (dotted) is drawn indicating the transition from Region I1 to I11 as  previously dis- 
cussed. It is this boundary that we expect to determine from the experimental test 
since only Region I11 provides temporal perturbation information. While ths value of the 
Re = 0 intercept for this curve is well documented, its overall shape is intuitively con- 
s truc ted e 
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Figure 113. - Stability Boundaries 
Experimental Data Analysis 
A total of 45 runs were used in evaluation of the stability of the air  stream for various 
conditions of velocity and temperature. These runs were taken with the duct in the hori- 
zontal, hot-plate-down configuration. Additional runs were made for the inverted channel 
but no instabilities were observed, which is to be expected. A complete listing of all 
runs is given in table 37, which includes data reference numbers, type of data taken, and 
conditions of experiments. A i r  velocities ranged from 0 to 4 ft/sec and temperature 
differences from 0 to 100°F. The raw data consisted of 1) air  stream velocities using 
calibrated flow meters, 2) thermocouple and thermometer temperature measurements 
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Table 37. - Summary of Data Runs 
Cold Plate 
Conditio@ I Hot Plate  Condit ion++ Data, R e f .  e m  
~ 
Ambient Water Cooled I 
Themistors 
Reloc ated 
Water Cooled I 
Water Cooled 
Water Cooled 
I I I 
h a t e  hoL plate value during the run. 
iven on data sheets, 
Ambient mews plate temperature near tha t  of r o o m  temperature. 
Water Cooled m e  
plate, Exact t s given on dat 
s contjimzously passed through 
of the two plates, ambient and cold water both, and 3) strip chart recordings of ther- 
mistor outputs, These data can be found in reference 6. 
The f i rs t  step of the analysis was to reduce the velocity and temperature information 
to the two coordinate variables, Rayleigh and Reynolds numbers. This step is shown as 
table 38 with sample calculations given in appendix B of reference 1. Here, Re is given 
by Re = d/v uo and is not multiplied by the factor 
location. These 
tance from the leading edge to the ith thermistor. After measuring 3, the following 
values of ci were found. 
which will depend upon thermistor 
values are calculated from the formula ci = L/Xi where is the dis- 
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Table 38 e - Reduced Experimental Data 
gd3 aAT0 
Rl, = GrePr  
lia Gr = 
d R e = - u  Ref . %I A T 0  NO e f i l s  O F  Y O  
155 
156 
157 
158 
159 
160 
161 
162 
172 
173 
174 
175 
176 
180 
181 
182 
183 
184 
185 
186 
187 
188 
189 
197 
198 
199 
200 
201 
202 
203 
204 
220 
221 
222 
223 
228 
229 
230 
233 
235 
238 
239 
240 
241 
242 
0.016 
0.031 
0.054 
0.076 
0 .E4 
0.204 
0 . 324 
0 . 014 
0 0 030 
0,044 
0.098 
0.236 
0.014 
0.034 
0.058 
0.084 
0,322 
0,224 
2.56 
1.61 
0.78 
0.47 
1.16 
0.37 
3 043 
0.48 
0.07 
0.16 
0.23 
0.32 
2.82 
1.54 
1.12 
0.47 
0 . 014 
0.276 
0 e058 
0.136 
0.208 
0.36 
3 e94 
3.58 
2.33 
1*20 
0 e 5  
7.5 
7.5 
7.5 
7.5 
7-85 
7.5 
7.5 
7.5 
5.5 
5 e 5  
4.5 
4 .O 
4.0 
16.0 
14.5 
16.2 
19.0 
18.2 
18.2 
me5 
2 O e 5  
2Oe5  
20.5 
59.5 
59 00 
59.5 
60.7 
63 .o 
65 .o 
64.2 
65 .o 
49.5 
49.5 
49.5 
49.5 
5 3 3  
54.5 
56.2 
54.5 
54.5 
87.5 
90.7 
90.7 
95.5 
9795 
19.7 
38.3 
66.6 
93 .8 
153 00 
251.8 
340 e6 
399.9 
17.3 
37.0 
54.3 
320 .g 
291 3 
17.3 
42 .O 
71.6 
103.7 
150.8 
276.5 
33-59.6 
1987.1 
962 07 
590 .1 
1431 7 
456.7 
4322 3 
952 .4 
86.4 
197 0 5 
283 e9 
374 5 
3480.4 
1382.3 
1900.7 
581.1 
17.3 
71.6 
256.7 
444*3 
4862.8 
4418 e 7 
2875.6 
481.0 
617.1 
167.8 
13.2 x io4 10.1 x 104 
13 e 2  
13 02 
13 02 
13.2 
13 02 
13.2 
13 02 
9.7 
9 .7 
7.9 
7.0 
7.0 
28.2 
25.5 
28.5 
33 .4 
32 .o 
36.1 
36.1 
36.1 
36.1 
32 00 
104 . 7 
103.8 
104.7 
106.9 
ll0.9 
114.4 
113 e 0  
u 4  a4 
87.1 
87.1 
87.1 
87.1 
93 .3 
95 09 
98 09 
95.9 
95.9 
154 .Q 
159.7 
159 .7 
168.1 
171.6 
10 01 
10.1 
10.1 
10.1 
10 01 
10.1 
10.1 
7.4 
7 .4 
6 .O 
5 .4 
5 .4 
21.4 
19.4 
21.7 
25.4 
24.3 
24.3 
27.4 
27.4 
27 .4 
27.4 
79-6 
78 09 
79.6 
81.2 
84.3 
87.0 
85 .9 
87.0 
66 02 
66.2 
66.2 
66.2 
70 09 
72 09 
75 02 
72 09 
72 09 
117.1 
121.4 
321.4 
127.7 
130.4 
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el = 2.86  c5 = 0.26 
€2 = 0.83 €6 = 0.21 
e3 ,=  0.49 e7 = 0.19 
e4 = 0.34  
The corresponding values of normalized Reynolds number Reci for the four thermis- 
tors that were considered in the stability analysis a r e  shown in table 39. Only data from 
these thermistors were considered further since the f i rs t  one and last two (i. e . ,  1, 6, 
and 7) thermistors frequently gave anomalous results. These could have arisen from 
sensor failure, sensor vibration, o r  later discovered channel leaks which were proximal 
to the thermistors in question. Only the four thermistors (2, 3, 4, and 5) directly over 
the plate were considered completely reliable. 
Several hundred feet of strip chart recordings were taken. These were traces of 
local velocity fluctuations produced by spatial density variations due to the interaction 
of natural and forced convection. Obviously some way of reducing these velocity versus 
time records into stability data was needed. The determination of stability in this ex- 
periment was of necessity quite subjective. However, some guidelines were generally 
followed. A t  the usual amplifier gain setting, 5 mv/div, a free stream turbulence was 
noted to be no more than three or  four chart divisions in amplitude. This value, inci- 
dentally, is extremely small compared to mean velocity and attests to the quality of the 
added flow-straightener section. If the amplitude of the variations during a run was of 
the same order of magnitude as  the free stream turbulence, thermal stability was as- 
sumed for that channel. If the variations were greater than 100 times the free  stream 
turbulence, the condition was considered to be unstable. Variations between these two 
conditions were considered to be marginally stable. In general, instabilities were much 
larger than noted above and the three states were fairly well defined. 
Frequency information was not used in this analysis although it was obvious that a 
spectral analysis of the perturbations would yield valuable information concerning the 
energy makeup of the various turbulent eddies. Again, the frequency of the instability 
perturbations was considerably less than the free stream turbulence frequencies and 
aided the determination of the three states. It was fortuitous that the unstable amplitude 
was much greater and the frequency much less than that of the free stream turbulence. 
The results of performing the above analysis on the strip chart data is shown in 
table 40. One of the three states is noted for each thermistor for each run. While 
conditions were tabulated for all seven sensors, only four thermistors (2, 3, 4, 5) 
were considered further. For unknown reasons data for runs 185 and 204 did not fol- 
low the general pattern and thus were not included in the data analysis. 
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Table 39. - Values of Normalized ynolds Numbers 
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186 
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200 
201 
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221 
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228 
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2 
16.3 
3 ~ 8  
55.3 
77.8 
12700 
209.0 
282.7 
331 99 
14.4 
30.7 
45.1 
100 e 3 
241.8 
14.4 
3h.9 
59 .4 
86,1 
125 02 
229 5 
2622 . 5 
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379 $1 
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71.7 
16309 
235 .6 
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1577 06 
1147 . 3 
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14.4 
59.4 
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213 00 
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4036.1 
3667 . 5
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399 €2 
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310,8 
3 
9 e6 
18.8 
32.6 
46 00 
75 .o 
123.4 
166 e 9  
196.0 
8.5 
18 .l 
26.6 
59.2 
142.7 
8.5 
20.6 
35 .I 
50.8 
73.9 
135 5 
1548.2 
973.7 
471.7 
289.1 
701 0 5 
223.8 
pa14 3 
466.7 
42.3 
96.8 
13901 
183.5 
1705,4 
931.3 
677.3 
284.8 
8.5 
35 01 
125 e 8  
217 0 7 
82.2 
2.382.8 
2165.2 
1489 e o  
235 06 
302 04 
6.7 
13.0 
22.6 
31 09 
52.0 
85.6 
la5 98 
136.0 
5 .9 
1.2.6 
28.5 
41.1 
99.0 
5 09 
14.3 
24.3 
35 .2 
51.3 
94.0 
1074 . 3 
675.6 
327 9 3 
200.6 
486.8 
155.3 
1439.3 
323 .8 
29.4 
67.1 
96.5 
127 0 3 
1183 0 3 
646.2 
469.9 
197.6 
5 .9 
24.3 
57.0 
87.3 
151.1 
4653 0 1  
1502,4 
977.7 
163.5 
209.8 
5 
5 .l 
10.0 
17.3 
24.4 
40.0 
65.5 
88.6 
104 . 0 
4.5 
9 .4 
14.1 
31.4 
4.5 
10 .g 
18.6 
27.0 
39 .2 
71.9 
821.5 
516.6 
250 3 
153 .4 
372.2 
118.7 
247.6 
75 b 7  
1100.7 
22.5 
51-5 
73 
97.4 
94.9 
494.2 
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4.5 
18.6 
43.6 
66.7 
115 .5 
1264 . 3 
1148 .9 
747.7 
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Table 40. - Thermistor Condition Matrix 
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195 
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202 
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U 
__. 
5 
- 
S 
S '  
S 
U 
- 
6 
- 
S 
S 
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S 
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U 
U - Unstable 
S - Stable See text for definition ' of these tenna. 
hfn - High frequency noise due to factors 
MS - Marginally stable) 
other than convective phenomena. 
* Data m e y  be i n  error. 
The information in table 40 was then translated to semi-log graph paper as shown 
in figures 114 through 117. The coordinate variables on these chartrs a re  temperature 
difference and velocity. These charts include only those points within the velocity 
range 0 to 0.6 ft/sec as i t  was soon determined that the majority of the transition points 
occurred at very low velocities at  least for  the temperature range tested. 
Data Correlation 
The principal element of the data correlation is a comparison with the predicted 
stability boundary, figure 113. However, this comparison must be made with the previ- 
ous discussion of the stability/instability and higher order transitions in mind since 
what was being measured was the Region I1 to I11 transition which inferentially relates 
to the Region I to I1 transition. Firs t  the four figures 114 through 117 were superim- 
posed as in figure 118. This chart represents the most importaat results of the experi- 
ment for it shows how the transition boundary is a function of distance along the channel. 
It clearly indicates that at  a constant velocity, a greater temperature difference is re- 
quired to produce turbulence for points nearer the leading edge. In other words, the 
upstream is not affected by downstream turbulence. This is the identical behavior ex- 
pected for the Region I to I1 stability boundary and adds further proof that the two sta- 
bility curves are  parallel as has been hypothesized. 
In order to further compare the predicted and experimental data, the four curves 
of figure 118 were plotted on the nondimensional coordinates of Rayleigh and normalized 
Reynolds numbers. This conversion is shown in figure 119. The curve for each ther- 
mistor (2, 3, 4, 5) was transferred to the new coordinates by computing the appropriate 
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Figure 114. - Experimentally Determined Stability Boundary for Thermistor 2 
3 13 
100 
50 
iQ 
5 
2 
! I  ! / ! I  ! ! ! ! I  I ! I ! ! ! ! ! ! !  ! ! ! ! I  ! ! ! ! ! ! ! I ! ! !  ! ! ! I  
@ Stable 
+ Unstable 
@ Marginally Stable 
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Re< value (see table 39) for that sensor along with the corresponding Rayleighs. Actually, 
only four points for each curve of figure 118 were transformed as  indicated in figure 119. 
The four normalized curves all lie in a fairly narrow region which attests to the basic 
validity of the experimental information. 
The Re€ = 0 intercept values of Rk - 6 x lo4 agree very well with other independent 
measurements (ref. 4). Of course, these data a re  the most unreliable since the temper- 
ature and velocity measurements in this region are  probably not too accurate. However, 
since all four intercept extrapolations gave essentially the same value, it can be assumed 
fairly valid. 
Since we are  assuming that the two transition boundaries are  parallel, the principal 
element of the data correlation now is to determine the value of the parameter (J for  
this condition. Figure 120 shows the superposition of the experimental results taken 
from figure 119 and several transition boundaries. The latter were 'calculated from 
equations (19) and (20). It appears that the line for (J =3 gives the best fit under the 
stated parallel assumption. 
The direct verification of the functional nature of the parameter (d/L) adds signi- 
ficantly to the confidence in the parallel hypothesis; the growth parameter 0, which 
represents the perturbation amplification during one transit time, is not analytically 
predictable. However, experimental correlation indicates a value of order 3 o r  a per- 
turbation growth of order e3 (-. 20:l) which is not unreasonable. Future experiments 
should include the observation of the dependent or  independent nature of 0 on geometry 
and the two region transitions. The fact that the functional dependence of Rayleigh 
number for the Region I1 to I11 transition on 0 Re6 (with u fixed at its correlative value) 
is appropriately represented by equation (20) indicates that the physical hypothesis 
behind the thesis of the higher order transitions is reasonable. 
The execution of the experiment, analysis of the data, and examination of the corre- 
lation between predictive and experimental results has led to a major reconsideration of 
the nature of convective heat transport. More importantly, recognizing the existence 
of the two transition boundaries is considered to be significant to the design of life sup- 
port equipment and further development of the analytical model. 
Critique of the Experimental Design Concept 
The analytical model as currently formulated deals with the transition from thermal 
diffusion/forced convection to natural convection/forced-convection heat transfer or, in 
the terms of the graphical representation of the model, transition from Region I to 11. 
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The experimental design on the other hand restricted the primary observations 
(that of the measurement of the velocity variations operating in a plane parallel to the 
surraces of the hot and cold plates) to the phenomena involved in the system of laminar- 
to-turbulent natural/forced convection as  illustrated graphically by the transition from 
Region I1 to III. The secondary observations, however, made possible by smoke visual- 
ization provided a tool for at  least a qualitative examination of both transitions. The 
degree to which the design of the turbulence-sensing assembly restricted the observations 
was not fully appreciated until well into the experiment schedule and at a point where 
analysis of data was in progress. A s  previously indicated, this restriction produced an 
additional insight into the larger problem of heat transport phenomena in a moving stream. 
However, without being fully aware of the nature of this restriction during the major 
portion of the allotted schedule, the test resulted in unnecessarily limiting the exploita- 
tion of the potentials of the smoke visualization for definitions of the transition from 
Region I to 11. 
Impact on the Analytical Model 
The experimental observations suggest no corrective change of the basic analytical 
model and have inferentially at least substantiated i ts  validity. However, the observa- 
tions strongly suggest expanding the scope of the model to include the transition from 
Region I1 to 111. In so doing, the entire spectrum of operating conditions would then be 
covered, making it possible to more completely and accurately determine the heat 
transport effects. At the present time analytical developments in the area of the turbu- 
lent transition are  fragmentary a t  best, and the task may prove to be extensive. Pre- 
liminary indications from the analysis of the laboratory data a re  that such a model is 
both feasible and attainable e Reduced-gravity experiments should add significantly to 
such a development, 
Recommendations for Further Experimental Evaluation 
Laboratory Experiments 
The nature and magnitude of the forces involved which provide the convection heat 
transport mechanisms are  such that experimentation at both l g  and higher can be infor- 
mative, especially under variations in the orientation of the systems to the gravitational 
vector. However, the practicality of the higher g tests is not established at  this point 
in the study. 
The experiments conducted in this phase of the program provided valuable insights 
into the solution of design problems for future experiments. However, the approaches 
to obtaining quantitative measurements data relating to transition from Region I to I1 
have not been fully examined. Prior to the final design of experiments for reduced 
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gravity, sufficient laboratory experimental work should be undertaken to assure equal 
confidence with that which now characterizes the designs for investigation of the trans- 
ition from Region 11 to I11 - 
Reduced-Gravity Experiments 
The model will require further experimental evaluation under conditions where the 
values associated with the local-gravity vector are sufficiently low to observe the trans- 
port behavior when its mechanisms can be dominated by other than the effects of density 
differences in the fluid stream. 
The KC-135 aircraft low-g flight trajectories could be of value in the continued 
evaluation of the model, if sufficient isolation from airframe vibration could be achieved. 
These flights, although short in time for each trajectory and thus limiting with respect 
to determining steady-state conditions, would provide sufficient time to observe the ini- 
tial changes taking place in the steam profiles with changes in the g level. It is possible 
that observations throughout the trajectory, both during the transitional stages where 
increasing and decreasing inertial acceleration forces a re  seen, as well as during the 
steady-state low-g phase, could provide some useful data against the analytical model. 
While the KC-135 may provide sufficient experiment time at a sufficiently low- and 
stable-g level to be of some value, the long duration tests made possible by the manned 
orbital station are  ultimately required and thus should be considered the prime source 
of data. Other ground-based facilities, such as the drop tower, are of marginal value 
at best due to short observation times and the relatively complexnature of the experi- 
mental apparatus. 
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ANALYTICAL MODEL NO. 6 - "FLOW REGIME CHARACTERISTICS'' 
The initial steps in the development of an analytical model have been formulated 
which describe the significant phenomena involved in two-phase flow. The new approach 
can be developed with sufficient rigor to provide a means of determining the two-phase 
transport characteristics with a certainty approaching that traditionally associated with 
"Newtonian fluids. 
The majority of the work accomplished during this phase of the analysis has been 
centered in the examination of two-phase flow as represented by the traditional Baker 
"flow maps. The extensions a re  primarily associated with the changes in flow charac- 
teristics resulting from variations in the local inertial acceleration field forces (ref. 1). 
The current version of the model is primarily oriented to the qualitative prediction 
of transport characteristics of two-phase fluid flow in a closed conduit of circular cross 
section. Although two-phase flow can be either adiabatic or  diabatic flow, only adiabatic 
flow has been examined. The principal reason behind imposing this limitation on this 
phase of study was to reduce the experimental complexity. The major emphasis is on 
momentum effects rather than the phase-change kinetics. Transport characteristics 
and phase separation are  dependent on knowledge of the spatial distribution of phases, 
i a e. , flow regime .,
The model considers the efects on the predicted behavior in each of several flow 
regimes resulting from variations in such operating parameters as: 
a. 
b e  
Gravitational field strength and orientation. 
Liquid characteristics as influenced by 
1. Mass density. 
2. Dynamic viscosity. 
3. Surface tension. 
c ~ 
d. Duct diameter. 
Gas /liquid mass ratio e 
The model is so designed as to be of potential value in the development o r  analysis 
of LSS equipments where two-phase fluid flow phenomena can be expected. The major 
area for application in the on-design condition is primarily with the sanitation and hy- 
giene subsystems and in the initial delivery circuit of subcritical cryogenics. However, 
there a re  many areas throughout the full range of subsystems where two-phase fluid 
flow can develop and require management at least temporarily. Such is the potential 
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with many of the subsystems employing mass or, in some cases, surface effects liquid/ 
gas separation devices e 
DESCRIPTION OF THE MODEL 
Identification of the Flow Regimes 
The flow regimes as they are  manifested under normal gravitational forces are  illus- 
trated by observing vertical and horizontal flow sections. The flow, when vertically 
oriented and directed upward, progressively moves through the following flow regimes 
when the mass velocity of the liquid is held constant and the gas mass velocity is in- 
creased: bubble, slug, foam, semi-annular o r  wave, annular, dispersed annular, and 
mist. For horizontal flow, which is selectively gravity-sensitive to stratification, the 
regimes are  bubble, plug, stratified, slug, spray annular, and mist. A visual repre- 
sentation of the flow regimes for both conditions is presented in figure 121 and 122. 
In the traditional Baker plots (ref. 2), the flow regimes a r e  defined for horizontal flow 
in the air/water system as shown by figure 123. 
Characteristics of Two-Phase Flow 
Two-phase flow is characterized by individual phase properties, e.g., velocity, 
mass flow, and density. This implies that the equational degrees of freedom are  doubled. 
To investigate a two-phase transport process, it is necessary to eliminate three-flow 
ambiguities : 
a. 
b e  
Gashiquid spatial distribution (flow regime). 
Velocity inhomogenieties and interphase momentum exchange between phases (gas/ 
liquid relative velocity-slip and "drag"). 
Interphase energy transport (heat transfer and mass exchange). c. 
Items 'bff and %" are  dependent on ffa , r r  flow regime. Intuitively, interphase exchange 
processes (b, c) a re  facilitated when phases a re  uniformly mixed (foam, mist, bubble 
flow) and inhibited when separated (annular o r  separate phase flow). 
Not only are interphase exchange equations dependent on flow regime specification 
but the overall, mean mass transport equations are  affected. Reference 3 contains an 
investigation relative to the limiting conditions of total spatial homogeneity to totally 
separate phase o r  annular flow and the effects on velocity, thermal inhomogeneities, 
i . e . ,  slip ratio, interphase equilibrium. Flow regime knowledge greater than that 
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Figure 123. - Baker Flow Correlation 
currently available must be developed to adequately analyze and design for two-phase 
flow processes. As an initial step, flow regime parametric topologies have been con- 
structed in an attempt to meet this requirement. Both vertical and horizontal orienta- 
tions were used. The crude method of spatial orientation is not satisfactory to investi- 
gate the effect of inertial fields; it only serves to increase or  decrease the relative gas 
velocity. A s  is observed in the vertical position, major counter or  cocurrent boundary 
layer flows exist as a result of gravity; this greatly affects pressure gradients and 
interphase momentum exchange. In low-g, the effects would be absent and new forces 
a re  apparent, e.g., surface tension 
The forces acting in two-phase flow are, 1) pressure gradient, 2) body force (den- 
sity times gravity, electrical field, magnetic field), 3) interphase viscous interaction, 
4) interphase surface tension effects, 5) external viscous o r  wall shear stress. In 
normal gravity, forces 3 and 4 are  dominated to a greater or lesser extent by forces 
1, 2, and 5. Except for totally separate flow, the interphase shear stress (combination 
of forces 3 and 4) is dominated by flow turbulence and becomes important in the viscous 
subrange of turbulence in determining drop configuration. The turbulent effect on drop 
size and mixing is greatly affected by inertial o r  body forces and fluid vorticity, e.g., 
stratified and annular flow. It is apparent that the force complementation is very com- 
plicated and subtle, and that inertial fields play a significant role in the overall balance 
regardless of spatial orientation of the flow channel. 
The classifcal Baker correlation illustrated in figure 123 presents little in the way 
of total parametric understanding. Approaches have been suggested for expanding the 
parameter dimensionality of the correlation to include the classical fluid mechanics 
dimensionless force ratios, e.g., Reynolds number, Froude number, Weber number, 
Bond number, etc. An example is the simple analysis of Quandt (ref. 4). 
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This particular analysis contains a major anachronism; that is, the fluid inertia 
and turbulence a re  neglected, although subtly and inaccurately represented by the pres- 
sure force. The merit, however, of the study is that it illustrates an informative em- 
pirical approach. Inclusion of turbulent and fluid inertia effects is necessary. The 
approach will not be fruitful until low-g data a re  obtained to fully eliminate the gravity 
field dependence and an inertial force spectrum is provided. 
Spatial distribution of phases is determined by the balance of the homogenizing o r  
mixing effect of turbulence against the separating effect of body forces and fluid vorticity. 
Description of turbulence properties is extremely difficult and only slightly approach- 
able in fully developed turbulence (macroscopic environment statistically coupled to fluid 
interior). To develop a methodology for parametric evaluation of flow regime, the 
scaling analysis of fully developed turbulence should be employed. It is emphasized, 
however, that in many situations the turbulence is only slightly developed if at all, 
e.g. , slug, plug, and bubble flows. 
References 5 and 6 contain extensive descriptions of turbulence scaling theory. 
The important parameters characterizing the flow are: 
E the dissipation o r  rate of energy transfer from large eddies to small 
eddies and eventually to the microscopic o r  viscous subrange eddies 
where the energy is converted to heat. 
Re E Reynolds number characterizes the "extent" o r  number of "degrees" 
of freedom (eddies) of the turbulent flow. 
5 Kolmogorov length, the distance over which viscosity acts, the viscous 
subscale, the scale of the smallest eddy, etc. 
v z the kinematic viscosity. 
p 3 the density. 
u E bulkvelocity. 
R 
0 
E scale of large eddies (e.g., tube cross-sectional diameter). 
E surface tension of liquid. 
6 -- u3 cm2/sec 3 
R 
UR R e N -  
V 
-3/4 
A-RRe cm 
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For  two-phase flow, a set  of parameters for each phase is defined: 
Gas 
p_ 
3 
g 
€ -- U 
g aD 
ugaD 
Reg - vg 
-3/4 
g X g  a D R e  
Liquid 
3 
a U 
where 
E void fraction (volume fraction of gas) 
D E tube diameter 
subscripts ,$, g = liquid and gas properties 
The largest size that a gas bubble, in the liquid phase, can attain is expressed by 
the surface tension traction greater than the viscous shear stress. 
R U > p v - , R =bubble radius 2 0  - a a X ,  B 
RBg 
Similarly, for liquid drops in the gas phase, 
Criteria (4) and (5) represent the turbulence limits on phase size. 
The actual distribution is represented by the comparison of the turbulent eddy dif- 
fusion (mixing) with the separation effect of the body force or  secondary rotation and 
vorticity. 
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The turbulent diffusion is modeled by the diffusion law, 
D E V  C > C b F  
DE = turbulent diffusion constant 
C = concentration of species 
b = mobility 
f" 
V = gradient operator 
= body force, e.g. ,. gravity (g) 
The diffusion constant for statistically independent and isotropic systems is pro- 
portional to the kinetic o r  statistical energy; therefore, the turbulent eddy diffusion 
'constant is scaled by the dissipation 
Equation (6) is scaled by, 
gr = gravity component normal to flow direction 
Using equation (l), equation (7) becomes 
2 U - >1 
Dgr 
The left-hand side is the cla sical Froude number th refore, the balance of gravity 
against turbulent eddy diffusion is represented by the Froude number for each phase. 
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Some function of the Froude numbers should define the stratified flow condition, 
e.g.) 
Fr + F r  < 1  g R 
Slug, plug, bubble or  froth, and mist flow conditions a re  conditions determined by 
large Froude numbers and the criteria (4) and (5) which were previously described. 
Entrainment of gas bubbles in the liquid phase or  liquid droplets in the gas phase (for 
pseudo-stratified condition) is also determined by the conditions (4) and (5). 
The most difficult aspect of the flow regime character to specify is the annular o r  
separate phase flow for large Froude numbers. Here, the secondary flow (rotational) 
and fluid vorticity create centrifugal separation which is balanced against turbulence 
and, a lesser extent, body force o r  gravity. 
Consider the following simple model: bubble placed in a velocity gradient rotates 
because of the moment induced by the different relative velocities on either side of the 
body. 
u velocity 
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au 
ar 
The angular velocity “ w * ~  is proportional to - 
Since the fluid in the vicinity of body is also in rotation, there is a centrifugal acceler- 
ation and force induced by the rotation, 
For cylindrical flow channels au/ar is the shear s t ress  on the fluid; therefore, the force, 
f,, acts in the radial direction and causes the lighter fluid to move to the center and 
the heavy fluid to separate to the exterior, i.e., annular flow. 
Equation (9) is used in equation (6) to determine the balance between the homogeniz- 
ing effect of turbulence and the separation due to fluid shear. 
The shear stress is given by, 
where 
gz P axial component of inertial (gravity) field 
L E axial length parameter 
A P  E pressure drop over L 
Equation (10) becomes, 
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It is evident from equation (11) that the effect of gravity is not eliminated by orient- 
ing the flow section vertically. Equation (11) represents the boundary between a mixed 
or  dispersed (bubbles, etc.) flow regime and annular flow. The boundary for annular 
and stratified flow is represented by (also annular to slug o r  plug flow boundaries in 
the vertical position) 
The super-position and projection of equations (4), (5), (8), (Il), and (13) provide 
a method of determining flow regime topologies. It is evident that these equations 
represent the interference between turbulent mixing, inertial fields (gravity), and 
fluid vorticity or  shear separation effects; the many combinations of which create the 
complicated and subtle world of two-phase flow observations e 
When gravity is decreased by orders of magnitude, one may expect it to disappear 
as a significant force and total interphase shear stress effects will become more im- 
portant than has previously been observed. The complex and unsteady characteristics 
of the gravity-controlled regimes will be minimized. 
It was not necessary o r  advantageous to develop a computer program for this phase 
of the study. 
APPLICATION TO U S  DESIGNS 
The generalized nature of the analytical model which most likely can be developed 
following the analysis of experimental data obtained under low gravity provides a rela- 
tively high probability that the model can be directly applied to the development of sev- 
eral LSS design approaches. Table 41 identifies examples of the type of LSS equipment 
which, potentially at least, will be so designed that the model can be profitably applied 
to the analysis of primary or  !!on-designtt modes of operation. However, possibly one 
of the major applications of the model may be in the analysis of the behavior of two- 
phase flow which might exist when systems operate under ttoff-designvf conditions. 
Such conditions have existed when an excessive entrainment of gas has resulted from 
separator malfunction o r  inefficiency but operation is still possible due to the existence 
of Itdown-streamt! secondary modes of separation o r  the ability of the system to ingest 
the excessive gas. In the early phases of a system design study, the model might be 
employed in the comparative analysis of competing designs, one o r  more of which are  
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either designed for  two-phase transport or  have the potential for forniation of a two- 
phase condition under off-design conditions. 
The most likely application of the model(s) for design analysis and synthesis in- 
volves 1) those functions employing transport of subcritically stored cryogenics, and 
2) the majority of the principal sanitation and hygiene functions as currently conceived. 
The latter have been continuously troublesome, both analytically and operationally, with 
designs intuitively determined in most cases. 
Table 41. - Examples of LSS Equipment Designs for which 
the Analytical Model has Relevance 
Oxygen Supply & Recovery I 3** 
Water Reclamation 
Humidity Control*** 
I I 
I 
Sanitation & Hygiene 
Off -Design 
8,10,22, 
28,32 
11,12 23,24,27, 
38,39,40, 46,49,50, 
41,43,45, 51,52,53 
47,48 
57WY (b) 5803) 
59(b), 60 61,62,63 
 
68,69 
76(a) , 83 
*Degree of relevance: !?A!! implies a high degree of relevance both as to similarity 
of the model to the equipment processes produced under the designated mode 
combined with a high probability that the process will be extended into similar 
designs in updated systems, while !'BTr implies a lower degree of similarity and/ 
o r  probability of extension to similar designs. 
**Equipment type identified by LSS equipment reference number. 
***Many areas of the humidity control function were not included in the equipments 
for analysis, thus the paucity of entries, especially in the off-design mode. 
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EXPERIMENTAL EVALUATION 
Requirements 
It has been determined during the course of this study that the experiments which 
must be conducted in the examination of the characteristics of two-phase flow, will be 
called upon to perform a multiple role, including: 
a. Determination of the feasibility and applicability of the approach which has been 
suggested for the development of an analytical model describing the dynamic, 
spatial properties of the tw-phase flow. 
Production of empirical data which can be utilized in the conhued development of 
the suggested analytical model. 
Investigation of approaches to the design of experiments to obtain the required data, 
with special emphasis on those to be conducted under low gravity. 
b. 
c. 
Potentials of Laboratory Experiments 
It is believed that the role of laboratory experiments conducted prior to the low- 
gravity experiments can best serve to determine appropriate approaches to test design 
for the low-g experiments. Evaluation of the effectiveness of the experiment design 
approaches can logically be accomplished by comparisons of the experimental data 
with that implied by the Baker flow correlation. 
Potentials of the Experiments Under Reduced Gravity 
It is considered vital to the development of the suggested analytical approach that 
experiments be conducted under reduced gravity, preferably at  more than one level. 
Experiment design concepts developed in the laboratory phase will be significant in the 
design of the low-g experimefits. 
Description of the Experiments 
Laboratory experiments have been conducted which have produced significant infor- 
mation relative to the requirements discussed in the previous section (ref. 7). 
Experimental Test Summary 
An experimental test was designed to investigate the characteristics of two-phase 
adiabatic flow regimes with special emphasis on the effects of variations in the quality 
of the mixed-phase fluid, the orientation of the direction of flow with respect to the 
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gravitational vector, and the physical characteristics of the liquid. The primary objec- 
tives of the experimental investigation were: 
a. 
b. 
The evaluation of test design concepts developed during the course of this study. 
Determination of definitions of flow regime characteristics somewhat beyond those 
presented in the open literature, especially relating to the effects of: 
1. Orientation of direction of flow with respect to the gravitational vector. 
2.  Differences in the physical characteristics of fluids. 
Two fluid systems were investigated,namely glycol/air and water/air. Principal 
instrumentation for the determination of the flow characteristics was provided by 
1) high-speed movie photography and film analysis, correlated with various flow, 
pressure, and temperature measurements, and 2) visual observations relating the 
observed characteristics to those identified by the existing analytical descriptions. 
In excess of 350 flow conditions were monitored against five working section flow 
fknglesf7 and the two fluid systems. 
pictures, still photographs, narrative descriptions, numerical data, and brush record- 
ings. 
Data have been collected in the form of motion 
Major Goals 
Primary. - To record the various flow patterns that develop in the transport of 
a liquid/gas mixture for various mixture ratios and momentum transport forces, with 
special emphasis placed on the effect of orientation to the local gravity vector. 
Secondary. - To accumulate information helpful to the design of the future experi- 
ments required under reduced gravity. 
Principal Observations 
The experimental observations which were required included: 
a. Gas pressure drop. 
b. Two-phase flow pattern. 
The experimental variables to be programmed against these observations included: 
a. Liquid flow rate. 
b. A i r  flow rate. 
c. 
d. Liquid physical characteristics. 
Working section orientation to the gravity vector. 
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Criteria for Test Model Design 
The test model and its supporting apparatus were designed under the following 
criteria : 
a,  
b. 
C. 
d. 
e. 
f .  
Two-phase adiabatic flow through a closed duct of circular cross section be visually 
observable and photographically recordable. 
The liquid/gas ratio of the two-phase flow be controllable through a range sufficient 
to evaluate the analytical model, particularly as applied to the identification of flow 
regimes to the extent determined practicable. 
The effect of changes in liquid characteristics be determinable. 
The principal transport forces be determinable. 
The effects of the local gravitational forces be demonstratable. 
Economy of construction, simplicity of test procedures, and schedule be compatible 
with NAS1-8494 objectives. 
Test Apparatus 
The concepts relative to test apparatus requirements as illustrated in ETP 6 were 
only slightly modified by interactions between the on-going maturation of the analytical 
and accompanying test design studies. The apparatus used in this experiment is shown 
schematically by figure 124 and pictorially by figure 125. 
Liquid supply circuit. - The liquid supply circuit was initially designed for test 2 
and subsequently modified for use in test 3A in keeping with the requirement for demon- 
stratable potential for experiment integration. As shown in the schematic, the circuit 
is composed of a centrifugal pump, 10-micron filter, a bank of flow meters, reservoir, 
valving, and several minor subcircuits for venting, sample, and other test support 
functions. Circuit flow capacity was adequate to provide the maximum flow required 
of the experiment, approximately 20 gal/min under a 5-psi line loss. Two return sys- 
tems were provided; one comprised merely of a length of 1-inch transparent plastic 
tubing, and the other adding a vented sump immediately downstream of the working 
section outlet. 
Flow-control circuit. - The flow-control circuit was designed to provide experi- 
mental flexibility with respect to control of the characteristics of the two-phase mixing 
to achieve as much of the full range of the predicted flow regimes as is economically 
practicable. Valving for  a i r  and liquid flow provided for various liquid/gas ratios at 
each of the two inlets to the mixing chamber. An air flow measurement was also pro- 
vided. Liquid inlet line size was primarily 1-inch diameter, providing an ID ranging 
from 3/4 to 7/8 inch. A i r  inlet line size was primarily 1/4- to 3/8-inch ID. 
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Figure 125. - Test Apparatus Photograph 
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The mixing chamber was constructed of 1/2-inch sheet lucite, providing a 3- by 
3- by 6-inch working section inlet. A 5- by 5-inch mounting flange was attached to the 
oulet end of the chamber to facilitate removal and replacement of mounting with the 
working section. The two individually controlled inlets feeding into the transparent 
chamber, one parallel with and one normal to the duct axis, were designed to provide 
a convenient and repeatable means of manual control of the experimental variables in- 
volved, especially as  required under alterations in the orientation to the gravity vector. 
A means fo r  altering this basic inlet system (as experiments might dictate) was provided 
by a flange to replace the dual inlet mixing chamber. Additionally, a length of stainless 
steel tubing, roughly the length of the working section and of the same ID, was provided. 
Working section. - A s  shown in figure 126, the working section was constructed 
from a solid block of lucite which, prior to sectioning and polishing, was 4- by 4- by 
24-inches. A hole was drilled along the longitudinal center line of the block which, 
when polished, provided a circular cross section with a 1-inch diameter. The block 
was cut into three 8-inch sections to reduce the complexity of the drilling task. Fol- 
lowing drilling and initial polishing, the sections were solvent joined, and the final 
internal and external polishing continued until sufficient optical clarity was attained as 
demonstrated by a series of trial motion picture runs. A 5- by 5- by 1/2-inch lucite 
plate was attached to the end of the working section to provide a mounting surface for 
the mixing chamber. 
Flex line sections approximately 5 feet eachfor the mixing chamber inlets and 
8 feet for the duct outlet made it possible to position the working section throughout 
the 180-degree range indicated. 
The test model was mounted on an adjustable framework of 1.5-inch commercial 
pipe and Nu-Rail fittings as  shown in figure 125. 
Instrumentation. - As shown in figure 127, the major components of the instru- 
mentation employed for the data runs against each of the measurements requirements 
included: 
a. Fluid flow measurements (Rotameters A, B, and C). 
1. 
2. 
Liquid flow (0.25 to 30 gal/min). 
A i r  flow (0.25 to 20 scfm). 
b. Working section pressure measurements. 
1. 
2. 
Working section internal pressure and transport pressure loss, PI and Pa. 
Flow regime pressure map, P3. 
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Figure 127. - Instrumentation Schematic 
c. Working section temperature measurements (thermocouple). 
1. Inletfluid, T1. 
2. Outletfluid, T2. 
Flow pattern recording by Milliken, DB-4 pin registered, high-speed 16mm camera. d. 
Test Procedures 
The test protocol developed from the guidelines shown on figure 128 is indicated by 
tables 42 and 43 and generally provides for  establishing various combinations of input 
variables and recording the resulting flow patterns. The test protocol as implied by 
the format of the example data sheet was devised first by determining the various valve 
combinations which tended to produce observable differences in flow patterns. This 
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Figure 128. - Test Protocol Guidelines 
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Table 42. - Valve Position Combinations Selected for Vertical' Orientation 
* Upper l e f t  is row number, lower r ight  is  c o l m  number. 
Selected combinations shown i n  heavy outline. 
resulted in the selections shown in table 44. All possible combinations (liquid/air) of 
these positions were listed as shown in table 42, a simplistic adaptation of the "Latin 
Square" typically employed for the design of tests. Selection of the combinations to 
include against any working section was determined by choosing a set of data points 
from the two flow-correlation plots as shown in figure 128 and translating to specific 
valve positions and so indicating on the appropriate "Latin Square. I '  
Experimental investigation indicated that five working section orientations would 
adequately cover the full angular range, namely, 0, 45, 90, 135, and 180 degrees. 
Additionally, i t  was determined that these five orientations produced two basic sets of 
flow patterns characteristic of the vertical and horizontal flows. From this, two series 
of flows scheduled, namely, one for the vertical (0 and 180 degrees) and one for the 
nonvertical (45, 90, and 135 degrees). 
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Table 43. - Valve Position Combinations Selected for Horizontal Orientation 
Experimentation also indicated that the flow characteristics being observed might 
To eval- 
be significantly altered by pressure pulse feedback resulting from excessive slugging 
in the return line to the reservoir, identified as the %lased return system. 
uate this, a vented sump was designed for installation immediately downstream of the 
working section outlet and was designated the "open return system. 
were scheduled against all working section positions but only the 0-degree position was 
executed as a result of 1) the relatively small difference observed, 2) the readily iden- 
tifiable characteristics of the differences observed, and 3) the difficulty in positioning 
the open sump for the remaining positions. 
Comparative tests 
Each set  of conditions to be run against each working section position was identified 
as a "test set" and subsequently assigned a number. Each valve position combination 
was identified as a %ubset" and assigned a number corresponding to the sequence of 
execution. The result of this system of identification is illustrated by the data sheet 
format. 
Two sets of data were recorded against each of the two liquid/air systems, namely, 
1) the 7tmanualf7 data runs which recorded operating conditions and written descriptions 
of the observed flow patterns against all scheduled data points, and 2) the movie runs 
made against significant flow combinations identified as  a result of the previous Tfmanualft 
data runs. 
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Table 44. - Candidate Valve Positions 
0 0.10 (SCFM) #1 = 0.11 
1 0.25 0.26 
2 0.50 0.52 
3 1 e o  1.02 
k 4  1.5 1.54 
2 5  2 40 2.05 
6 2.5 2.55 
8 3.5 3.56 
4.08 
7 3 00 3 005 
I I i I 9  I 4 00 
Note: A decision was made t o  run all t e s t s  a t  ident ica l  rotometer 
readings f o r  both glycol and water i n  hopes of providing a more 
visual ly  observable comparison of the  differences i n  flow char- 
a c t e r i s t i c s  brought about by the differences i n  the  physical 
charac te r i s t ics  of the t w o  l iquids.  This decision i n  e f f ec t  
resul ted i n  operating both systems a t  essent ia l ly  ident ica l  
"pumping power'' l eve ls  ra ther  than ident ica l  flow r a t e s  e 
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Data was manually and machine recorded with the former documented on test run 
data sheets. Following the manual runs, a set of conditions was chosen for motion 
picture recording. The criterion for selection of the movie runs was adequate docu- 
mentation of all significantly different flow patterns; the constraint was cost and schedule. 
Experimental tests in the completion of the apparatus design were initiated on 14 
January 1970 and completed on 2 February 1970. Formal data runs were initiated on 
3 February and completed on 12 February 1970. 
Summary of Test Data 
Data were recorded against two sets of experiments, namely: 
a. Exploratory data runs - essentially instrumentation and test mode evaluation, 
modification, and calibration. 
Formal data runs - the major experimental variables were mass flow rate, 
liquid/air ratio, liquid characteristics, and working section orientation to the 
gravity vector. 
b. 
Exploratory data runs. - Exploratory data runs were made for instrument Cali- 
bration and for procedure and equipment trials. 
Calibration: Instrumentation calibration is shown by figures 129, 130, and 131 for 
flowmeters and P3 recordings. Liquid characteristics were assumed to be identical 
with those for ET 3-A which were determined by laboratory test to be: 
a. Propylene Glycol 
1. 
2. 
3. 
b. Water 
1. 
2. 
3. 
Viscosity (ASTM-D445-65) 21.1 CS @ 95°F. 
Surface tension (ASTM-D1331-56) 35.4 dynes/cm @ 92°F. 
Density (gms/ml) = 1.027 @ 70°F.; 1.014 @ 100°F. 
Viscosity - 0.94 CS @ 75" F. 
Surface tension - 64.1 dynes/dm @ 73" F. 
Density (gms/ml) = 0.9979 @ 70°F; 0.9931 @ 100°F. 
Trial data runs: Several sets of trial data runs were performed to evaluate and 
select the final test procedures, protocol, and equipment configuration. Following 
initial checkout and adjustment of apparatus, a systematic trial run was conducted to 
aid in finalizing the design of the tests. 
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Figure 129. - Flow Meter Calibration, Liquid 
34 8 
4 
3 
1 
Meter ReAding 
Calibrated by Standards Lab, 09-15-69 
Figure 130. - Flow Meter Calibration, Air 
A series of trial data runs was made to resolve the following questions relative to 
the design of the formal tests: 
a. 
b. 
c. 
d. 
Which inlet configuration(s) should be selected ? 
What working section angles should be included ? 
What minimum air flow set  point shouldbe selected? 
What a re  the effects of alterations in outlet (return line) configuration? A r e  changes 
needed and, if so, what should they be?  
Is i t  possible to visually identify flow regimes predicted and document the difference 
in characteristics of similar regimes for various test conditions ? 
e. 
f .  Is the test manageable? 
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To make these determinations, sample set  points were adopted as shown in table 45. 
Table 45. - Set Point Schedule for Trial Data Runs 
Set Point Liquid Gas 
l.l* B-10 0.21 
1.5 10 1.93 
1.9 10 3.91 
4.1 56 0.21 
4 e 4  56 1.46 
4.9 56 3.91 
7.1 A-48 0.21 
7.3 48 0.97 
7.9 48 3 091 
7.6 48 2.42 
*Refer t o  Candidate Valve Positions, table 44. 
Several runs were made in both the horizontal and vertical positions, employing 
several inlet configurations. These were compared to each other and to previous runs 
with the dual inlet mixing chamber in terms of effect on flow characteristics in the 
working section. The criterion for evaluation was the degree of correspondence to the 
flow regime pictorial models. The inlet configurations included: 
a. 
b. 
c. 
Liquid/air injector, 90-degree elbow and inlet duct. 
Liquid/air injector, no elbow, inlet duct. 
Liquid/air injector, no elbow; no inlet duct. 
It was abundantly clear that the single inlet without mixing chamber was preferable 
to the dual inlet and mixing chamber, at least for  the l g  laboratory tests. It was equally 
clear that, although the inlet duct resulted in slightly less disturbance in the immediate 
vicinity of the inlet to the working section, it was not sufficiently superior to overcome 
the difficulty associated with physically managing the longer inlet, especially during 
angle changes. 
Comparison of pressure data and observed flow patterns indicated that the test 
should be run at 0, 45, 90, 135, and 180 degrees. 
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Experiments showed that most, if not all, stable (non-oscillatory) slug flow for the 
vertical case occurred at air flows less than the minimum accurate set  point for flow- 
meter 1, and that 0 . 1  scfm, the minimum measurable, should be scheduled and that 
further experiments should be performed at less than measurable flows. 
Insofar as  could be determined without high-speed movie data, flow regimes could 
be both identified and characterized through visual observation. 
The test proved to be manageable except that the effect of variations in the outlet 
return line caused very significant alterations in the nature and magnitude of the feed- 
back to the working section due to slugging in bends and rises. Investigations into the 
differences produced by an llopenlT return system demonstrated that the open sump out- 
let provided some reduction in feedback but not sufficient to warrant the additional sys- 
tem complexity. (See test M1A and M1 on page 360.) 
A series of flow conditions was scheduled to investigate the differences which might 
be observable in the flow characteristics for water/air system flow regimes where flows 
are  scheduled by: 
a. 
b. 
Rotorneter readings identical to those for the glycol/air system tests. 
Rotometer readings producing flow velocities identical to those for  the glycol/air 
sys tem tests a 
The runs were made with the working section in the 0-degree (vertical) position. 
A summary of these tests is given in table 46. Samples of the P3 traces referred to 
in table 46 are  included. Following review of these data, a decision was reached to 
conduct subsequent tests with identical rotometer readings for liquid flow to provide 
a means of comparing the total effects of the change in fluid characteristics, i. e., 
propylene glycol versus water. 
Formal data runs. - Formal data runs a re  presented for the glycol/air system 
and for the water/air system. 
Glycol/air system data: Data presented for this system was recorded manually and 
by motion pictures. 
a. Manual Data Runs. The data recorded against this category are  true copies of the 
original data sheets and are  shown on table 47. A total of 135 flow conditions was 
scheduled against sixsets of tests. 
Movie Runs. A total of 42 flow conditions against five sets of tests was selected 
from the manual data runs as producing observable differences in flow pattern 
characteristics. The movie runs a re  identified and manually recorded data a re  
summarized on table 48. Figure 132 is an example of the movie data obtained. 
b. 
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Table 46. - Comparative Tests - Identical Readings Versus Identical Flows 
Liquid 
valve Rotameter pll* P~++ P,- 
Schedule Reading 
Observable Change 
in  Characteristics 
1.1 
1.5 
4.4 
B-10 
c-26 
B-10 
c-26 
B-57 
B-50 
B-57 
B-50 
B-84 
B-75 
Very s l igh t  
Very s l igh t  
1.2 1.4 11 (P, VHF) 
105 1.8 7 None 
1.9 2.3 11 (p3 m) 
1.9 202 11 Slight, if any 
2.2 2.6 12 
2.1 2.5 15 
JkPSIG, * Grid divisions, attenuation = xgO 
Increased osci l la-  
t ion 
Note: Run at 25 mm/sec, attenuation = x5. P3 traces for table 46. 
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Table 48. - Movie Data, Summary - Glycol/Air System 
Date: 6 February 1970 Equipment: Milliken @ 128 FPS 
Test Set: 
Sub Valve Pres.* Temp. 
Set Comb. 
1 1.0 1.5 2.0 95 93 
3 1.5 
4 2.2 
7 2.9 1.5 2.1 96 96 
10 4.2 1.9 2,3 
11 4.4 
13 4.9 2.1 2.3 96 96 
15 5.3 2.1 2.3 
16 . 6.2 2.6 2.8 
17 6.7 3.1 3.5 95 96 
#M -1A (O")(Open Return) 
- -  5 E 2 3 2  
Test Set: #M-2 (45") 
Sub Valve Pres.* Temp. 
Set Comb. PI P, T, T, - -  - - - -  
1 1.0 1.2 1.2 
3 1.3 1.2 1.5 
5 1.7 
9 3.6 1.9 2.2 
11 4.2 2.0 2.2 91 90 
' 13 4.7 
19 6.6 7.2 7.0 
21 7.2 5.4 5.4 92 92 
* Sta t ic :  P1 = 1.1; P, = 1.2 
Test Set: #M-1 (O")(Closed Return) 
Sub Valve Pres . Temp . 
-2 Set Comb El  P z T f , % i  
1 1.0 1.75 2.0 94 95 
3 1.5 1.4 1.8 
4 2.2 1.5 1.9 
7 2.9 1.5 2.0 
10 4.2 2.0 2.4 95 96 
11 4.4 3.3 2.8 
13 4.9 4.0 4.4 
15 5.3 3.0 3.2 99 99 
16 6.2 3.1 3.3 
17 6.7 7.2 7.4 
21 7.5 8.2 8.4 96 95 
Test Set: #M-3 (90")  
Sub Valve Pres.* Temp. 
Set Comb. PI P, TI T, - - -  - - -
4 1.5 
6 1.9 1.2 1.4 
8 3.4 1.7+ 1.8 
10 3.9 2.2 2.6 
12 4.5 2.8 2.8 
13 4.7 3.2 3.6 93 93 
15 5.3 2.9 3.0 
17 5.9 5.7 5.8 
19 6.6 6.3 6.4 93 95 
22 7.7 8.8 8.8 95 96 
* Stat ic :  P, = 0; P, = - -1 
Set Set: #M-5 (180") 
Sub Valve Pres.* Temp. 
Set Comb. P1 P, T, T, - - -  - -  - 
7 2,9 2.0 1.2 
13 4.9 4.2 3.6 ' 
20 7.3 6.2 5.9 91 92 
* Sta t ic :  P, = 1.0; P2 = 0.4 (least flow t o  c l ea r  duct) ,  
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Ps traces for Movie Run M - I A  - Glycol/Air 
Signal attenuation = XIO,  speed a 25 mm/sec. 6 February 1970 
361 
Ps traces for Movie Run M - 1  - Glycol/Air 
6 February 1970 signal attenuation 5 X ~ O ,  speed = 25 mm/sec. 
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P3 traces for Movie Run M-3 - Glycol/Air 
Signal  attenuation i X ~ O ,  speed = 25 mm/sec. 6 February 1970 
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Pa traces for Movie Run M-5, attenuation = X10, 25 mm/sec. 6 February 1970 
3 64 
Glycol/Air System Water/Air System 
Horizontal 
90 * 
VerticaL 
o o  
.-lo mo-10 
Figure 132. - Observed Flow Regimes - Sample Frames from Movie Data 
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and 
a. 
b. 
Water/air system data: Data presented for this system was recorded manually 
by motion pictures, 
Manual Data Runs. The data recorded against this category are  true copies of the 
original data sheets and are  shown on table 49. A total of 113 flow conditions was 
scheduled against five test sets. 
Movie Runs. A total of 35 flow conditions against four test sets was selected from 
the manual data runs as producing observable differences in flow pattern character- 
istics and was recorded on high-speed movie film. 
The movie runs a re  identified and the manually recorded data a re  summarized on 
table 50. 
Trace selections and documentation groupings are  indicated in table 51, which 
identifies the trace recordings that appear subsequent to that table. 
Critique of the Test Design 
With the exception of the initial uncertainties regarding the requirements for inlet 
mixture control and the problems inherent in reducing outlet system feedback, the gen- 
eral approach to the test design appeared to be straightforward, tests were easy to 
manage, and construction costs were low. The approaches followed can be recommended 
as a guide to future test designs for experimental studies involving flow regime deter- 
minations for adiabatic two-phase flow. 
Instrumentation 
The pressure and high-speed motion picture data combined with visual observations 
are  adequate for the qualitative determinations of flow characteristics required by the 
scope of this phase of the analytical model development program. However, for subse- 
quent experiments where more precise data a re  required, quantitative flow pattern data 
should be provided. A system similar to the shadowgraph photocell arrangement used 
for  film profile measurements for experiment 3A should prove satisfactory. Addition- 
ally, photographic and/or TV monitoring could well include at least two views around 
the flow duct, i.e., at  points 90 degrees apart around the viewing section. This might 
be accomplished with a single camera and mirrors. Shadowgraph techniques should be 
examined, but it does not appear that results would warrant the additional complexity. 
The conventional bourdon tube pressure gauges were generally unsatisfactory, 
especially in view of the continual change in workkig section orientation which changed 
the static head on the guages and periodically introduced varying amounts of air in the 
gauge lead lines, adding to the column effect. Pressure tranducers similar to the P3 
sensor should prove to be fa r  superior. 
366 
. . .  -- 
I 
. .  
I 
I 
. . .  
367 
u1 
+, 
P 0
u 
I 
-I T I- 
368 
I 
L 
369 
m 
370 
P 
0 0  + a  
0 4  
$ 2  
371 
Table 50, - Movie Data Summary - Water/Air System 
Date: 10 February 1970 
Return Configuration: Closed 
Test Set: 
SuW Valve Pres sure 
Set Comb. Pl* P,* P,* 
#M-10 @ 0" Vert ical  
-- - - _. 
1 le0 1.7 2.0 6 
3 1.5 1.2 1.9 12 
4 2.2 1.5 1.9 io 
7 2.9 1.5 2.0 io 
10 4.2 1.9 2.2 13 
11 4.4 2.1 2.4 13 
13 4.9 2.9 3.3 21 
15 5.3 2.2 2.6 14 
16 6.2 2.3 2.5 9 
17 6.7 4.2 4.6 24 
21 7.5 4.9 5.2 13 
22 7.9 7.0 7.4 14 
*Refers t o  Vertical  Flow Schedule. 
WPSIG, P1=-0.1; P2=-0.4 @ 4 
-Grid divisions on t race  paper, 
Tl = 80°F; T, = 80°F. 
Test Set: M-6 @ 180' 
SUM valve Pressure 
p3 Set  Comb.. P1 
7 2.9 2.0 2.1 7 
13  4.9 3.2 2.5 21 
20 7.3 3.6 2.9 5 
22 7.9 7.6 6.9 14 
-- -
*Refers t o  v e r t i c a l  flow 
schedule. 
Equipment: Milliken @ 128 FPS 
P, Signal Attenuation = X5 
T e s t  Set: #M-9 8 45" 
Sum Valve Pressure 
Set Comb. P1 P, p3 
1 1.0 1.4 l e g  5 
3 1.3 1.2 1.7 12 
9 3.6 1.5 . 2.0 20 
11 4.2 1.7 2.1 9 
13 4.7 2.3 2.8 25 
19 6.6 3.8 4.2 15 
21 7.2 2.4 2.8 8 
*Refers t o  horizontal  flow 
_. - - -  _. 
5 1.7 1.3 1.7 13 
23 7.9 6.7 7.5 11 
schedule . 
TI = 82°F; T, = 82°F 
Test Set: M-8 @ 90' 
Sub* 
Set  
4 
6 
8 
10 
12 
13 
15 
17 
19 
22 
-
Valve 
Comb . 
1.5 
1.9 
3.4 
3 .9 
4.5 
4.7 
5.3 
5.9 
6.6 
7.7 
-
Pressure 
- Pl - p2 f?, 
102 1.3 6 
1.2 1.3 8 
i.4 1.4 9 
1.9 1.9 14 
2.1 2.1 11 
2.5 2.5 24 
2.0 2.0 6 
3.8 3.8 16 
4.0 4.0 12 
6.5 6.5 11 
*Refers t o  horizontal  flow schedule 
T1 = 84°F; T, = 84°F. 
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P3 Traces for Movie Run M-6; 3.0 Febrwry 1970 
Water-Air System; Signal Attenuation I X5; 
Trace Speed I 25 mm/sec. 
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Pa Traces for Movie Run M-8; 10 February 1970 
Water-Air System; Signal Attenuation .I X5; 
Trace Speed SI 25 mm/sec. 
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P3 Traces for Movie Run M-9; 10 February 1970 
Water-Air System; Sigml Attenuation x X5; 
Trace Speed x 25 mm/sec. 
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Pa Traces f o r  Movie Run M-10; 10 Februaxy 1970 
Waterdir System; Signa l  Attenuation LI X5; 
Trace Speed 5 25 mm/sec. 
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I .  
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* P, Trace for Test Set #1 (Glycol-Air System) Sub Set #2. 
* P, Trace for Test Set #lo (Water-Air System) Sub Set #2. 
Signal Attenua- 
Signal Attenua- 
tion for All Glycol Tests = X10. 
t ion for All Water Tests = X5 except that TS #6 (180") is at X10. 
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GROUP 93'' DATA 
379 
GROUP W l f  
DATA 
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GROUP "F" 
(Contd) 
GROUP "G" 
DATA 
3 81 
3 82 
5.5 SUBSET 
GROUP "KI1 
3 83 
. DATA 
3 84 
GROUP 
DATA 
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GROUP "Prr 
DATA 
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GROUP "P" 
(Contd) 
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The thermocouple attachments external to the inlet and outlet tubhg (thermally 
insulated) proved effective . 
Measurements for  gas flow should be available in the range of 0.01 to 0.10 to pro- 
vide precise data for  the low range of the slug flow regime. 
Process Apparatus 
A s  was experimentally demonstrated, there appears to be little o r  no value in more 
than a simple liquid/air mixing duct directly upstream of the working section inlet. How- 
ever, it is believed that consideration should be given to increasing the effective length 
of the observable flow section, possibly by a combination of a reduced duct diameter and 
increased length. Doing so should more adequately display mixed regime patterns and 
establish more accurate measurements of wave lengths and wave form patterns. A more 
manageable "open sumpff return should be developed to minimize feedback effects. Op- 
tical qualities of the working section were excellent. 
Procedures 
The procedures proved to be adequate and well organized resulting in an economic 
and effective test, particularly in the definition and execution of the rather extensive 
motion picture runs. 
Future tests might well profit from further investigation into the merits of sched- 
uling identical flow rates for all liquids in addition to the "similar transport powerff 
scheduling chosen for this series as  a simplifying technique. 
Correlation of Predictive and Emerimental Data 
Figure 133 illustrates the validity of the flow regime boundaries within the domain 
defined by the fluid characteristics and "qualityff of the two-phase fluid as established 
by the Baker correlation map. Some apparently significant variations in the locations 
of the experimental data points with respect to the regime boundaries as  given by the 
Baker correlation were present. 
Some question might be raised concerning the accuracy of the locations of regime 
boundaries if the regime identities assigned to the experimental observations are  in 
keeping with those defined by Baker. If the regime identities listed on the test data 
sheets (ref. 7) a re  reasonable, the demonstrated repeatability of the flow patterns 
strongly suggests that the boundaries might be more accurate if shifted downward with 
respect to values of Gg/A, i. e., to lower val ues and to the right with respect to values 
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Legend: 
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+ Glycol-Air System 
.+ 
20' 
1 
4 
6 
8 
10 
12 
13 
15  
17 
19 
20 
22 
2,100 
105 
55 
529 
189 
839 
560 
2,515 
630 
1,342 
51,000 
1,679 
1,018 
54 
27 
209 
78 
300 
200 
915 
229 
462 
17, W O  
570 
I Dominant R e g h u m  I 
7Y 
1,460 
2,920 
1,095 
2,190 
730 
2,920 
1,825 
2,190 
::E 
7 Y  
Slug 
St ra t  , 
Stra t  
Slug 
St ra t  , 
Slug 
St ra t  , 
Slug 
&./Strat , 
Ann./Strat , 
Bubble/Plug 
SPrW 
Wated( ) 
Plug 
Slug 
Stra t  , 
Stra t  , 
Stra t  , 
Slug 
Slug 
Strat .  
sp.Ann* 
sp.Ann. 
Slug 
sp,Apm, 
8 
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M+ Regime ident i t ies  may not be exact, additional study of 
movie and P3 data should be undertaken. 
Figure 133. - Experimental Data Correlation, Horizontal Flow 
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of (Ga /G ) A Q ~  i. e., to higher values. However, the general correlation is considered 
adequate% demonstrate that a controllable and valid experiment has been designed. 
Possibly the most significant point is that identification of the regime is both very diffi- 
cult, as in most cases patterns relating to two o r  more regimes were mingled in the 
same flow condition, and further (as pointed out by the analytical approach presented 
in the section titled 'Characteristics of Two-Phase Flow" may be of minor importance 
when the more rigorous analytical model is developed. e 
The limitation of the graphical representation as presented implies that the indi- 
cated boundaries sharply divide one set of flow characteristics from another. A s  might 
be expected, observation of these characteristics immediately provides ample evidence 
that no such sharply defined transition takes place, rather the transition is accompanied 
by a gradual change in characteristics typically passing through a region where the char- 
acteristics appear to define the simultaneous existence of two o r  more regimes. 
One area of difference between the predicted and the observed flow which may prove 
to be significant, particularly in light of the suggested approach to the development of the 
analytical model, is that of the bubble flow regime. The traditional representation, as 
illustrated by figures 1 2 1  and 122, indicates that the bubbles a re  dispersed across the 
stream for vertical flow and partially stratified for horizontal flow. A s  indicated by the 
newly developed analytical approach, the experimental evidence was that the bubbles were 
concentrated in and traveled uniformly along the centerline of the flow channel whenever 
any significant level of liquid flow was present. 
Effects of Fluid Physical Properties 
Figure 134 illustrates the effects of alterations in the physical characteristics of 
the fluid (kinematic viscosity for glycol apparoximately 21  times that of water, surface 
tension - 1/2, and density - equal). In the first instance again as suggested by the new 
model, the apparent effect was to shift the regime boundaries with respect to the abscissa 
to coincide with higher values for the ratio of the liquid/gas characteristics, specifically 
(Ga/Gg) X9/ e The second illustration photographically documents the flow pattern differ- 
ences accompanying the change in fluid as  viewed for each of three channel orientations. 
Examination of the pressure variations along the flow channel as  implied by the char- 
acteristics of the P3 traces (samples of which a re  shown herein) indicates rather clearly 
that the magnitude of the variation is much higher (-2 times) for the more viscous fluid 
while the frequence of the variation is significantly lower (-1/3) for the horizontal flow. 
These characteristics represent the mechanical o r  physical system response to the flow 
of an "elastic, If oscillating, and often turbulent two-phase fluid., 
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Baker Flow Correlation 
Shift in regime boundaries suggested by the experi- 
mental data for a change from the water-air system 
to the glycol-air system resulting in an increase 
in  viscosity by a factor of 20 and a decrease in  
surf'ace tension by a factor of 2. 
Propylene 
Glycol Water 
viscosity (cs) 21.1 0.94 
Surface Tension (dynes/@m) 35.4 64.1 
Density (gms/ml) 1 . 014 0.9931 
Note: Values for typical temperatures experienced, 
see test data sheets for details. 
Figure 134. - Effects of Fluid Properties 
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Effects of Flow Channel Orientation 
Orientation of the direction of flow with respect to the gravitational vector demon- 
strated that there are  marked similarities in the flow patterns regardless of the orien- 
tation. One of the major changes which appear is related to the magnitude of the mass 
flows required to produce the characteristic regimes for  comparative values of two- 
phase quality. In that the range of mass flow attainable with the experiment apparatus 
was restricted, more different patterns could be attained at some channel angles than 
at  others. For instance, the vertical down position operated in only two distinguishable 
regimes, namely variations in annular flow patterns and mist. On the other hand, the 
horizontal position progressed through plug, stratified, slug, and spray annular regimes 
in response to identical mass flow rates as the vertical down. 
An example of the change in the characteristics of flow patterns for  identical fluid 
mass flow rates can be observed in comparing three such conditions at  horizontal, 
vertical up, and vertical down for the water/air system. Such a comparison is pro- 
vided by table 52. It is shown that slug flow for horizontal is comparable to the oscil- 
lating spray-annular pattern for the upward flow, while the vertical down flow drops out 
the oscillatory and unidirectional slugging present with the other two directions. Al- 
though the amplitude and wave pattern of the pressure profiles are  similar for  the hori- 
zontal and vertical, the frequencies for the horizontal a re  significantly higher. 
Characteristics of the Pressure Profile 
The pressure profile data, listed as P3 and recorded both by stripchart and by 
manual entries in the test report (ref. 7), are  helpful in describing the dynamic nature 
of the two phase flow, Entries under columns 6 and 7 of table 52 illustrate both the sim- 
ilarities and differences which characterize the regimes resulting from identical mass 
flow rates in each of three flow directions. Column 6 indicates that a pressure varia- 
tion exists in the basic flow pattern for all three (0.4 psi) but that the vertical up and 
horizontal, responding to the "resistive" gravitational force, produce an overlay vari- 
ation in the form of an oscillatory flow pattern (slug). The oscillatory flow for the 
vertical up is gross and visually apparent as an actual momentary reversal in direction 
of a portion of the ongoing mass flow. This characteristic is fa r  more subtle with the 
horizontal flow and appears as an accelerating slug moving very rapidly through the 
slower moving stratified flow pattern. The P3 values, especially for frequency, illus- 
trate this operational difference. 
Figure 135 illustrates several interesting facets of the significance of the pressure 
profile. Perhaps the most obvious is the probable cyclic nature of pressure charac- 
teristics with increase values of the familiar (Ga/Gg) ~ t p  of the Baker correlation. 
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Figure 135. - Effects of the Eiquid/Gas Mass Ratio 
on Pressure Profile Characteristics 
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The underlying mechanism being observed is undoubtedly the "elas tic" o r  compressibility 
characteristics which produced a combination of factors associated with each flow pattern 
operating in the sample series. These factors include the configuration of the liquid/gas 
interface, the average and local velocity differences, and the general degree of flow sta- 
bility attained. 
Figure 136 is a somewhat more simplistic attempt to graphically determine the 
nature of the relationship between Tluid quality" and the magnitude of the accompanying 
pressure variation. 
100 
10 
1.0 
0.1 
001 
C 
Figure 136. - Correlation of the Liquid/Gas Volume Ratio with the Magnitude 
of the Maximum Variation within the Pressure Profile 
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Although there is excessive scatter in the data as plotted, there appears to be a 
general overall tendency at least for an increasing pressure variation with an increasing 
percentage of a i r  in the two-phase fluid makeup. Some of the scatter and apparent devi- 
ations could well be associated with the combination of the differences in the resonant 
characteristics of various liquid/air ratios, the mass flow rates, and the dynamics of 
the physical system. Additionally, it can be postulated, as suggested by the two sub- 
jectively constructed broken line curves, that the data represent at least two groupings, 
each reflecting a different set  of compressibility and resonant characteristics. 
Qualitative Correlation of the Analytical Model and Experimental Evidence 
Experimental observations indicate several areas of correlation with the analytical 
development presented. The most obvious is the stratified flow regime boundary which 
is a function of the sum of the gas and liquid Froude numbers illustrated by equation (8a). 
A more subtle evidence is the balance between the separating effect of vorticity 
(total fluid shear stress) and gravity represented by equation (13). When the flow sec- 
tion was oriented vertically downward (gz > 0), only annular and mist flows were ob- 
served which the inequality (13) suggests. On the other hand, when oriented vertically 
upward (gz > 0), additional flow regimes of slug and plug flow were apparent which a re  
violationsof inequality (13), again consistent. 
For horizontal orientations, the change in fluid viscosity upward caused a shift in 
the flow regime boundaries to the higher abscissa values. Equation (13) predicts this 
event. 
The nature of the separation due to vorticity and total fluid shear s t ress  is illus- 
trated by the observations of the bubble flow regime. The bubbles a re  concentrated 
along the center of the flow tube. However, the size of the bubbles is the result of 
turbulence, equation (4), which prevents agglomeration. When the turbulence reaches 
a sufficient magnitude, the fluid becomes more homogeneous; however, the bubbles 
brea.k up and mist o r  dispersed flow occurs, equations (1 to 11). 
These observational consistencies demonstrate the potentialities of the analytical 
approach and the physical content and insight into the basic kinematics of the flow re- 
gime structure . 
Significance of Motion Picture Data 
The importance of the real-time recording of experimental observations by motion 
picture coverage cannot be over emphasized. The two-phase flow study is totally de- 
pendent on a combination of visual observations and analysis. Since the study is nec- 
essarily still in its embryonic stage, with low-g testing yet to come, the immortality 
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of the experiment is assured by motion picture recording. Establishing the relevance 
of future data to the recently completed testing is facilitated by actual comparison with 
the movies. 
From a physical point of view, the Wow regime" is a time-averaged o r  expecta- 
tion property of two-phase flow. The discrete time representation of still photography 
does not provide a representation for the dynamic statistical character of two-phase 
flow. This additional dimensionality i s  essential for experimental correlation and must 
be included in and compared with data from future tests. 
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DESIGN PARMETRICS 
The primary objective of the NASA-LRC life support system (Lss) gravity- 
Sensitivity assessment program, of which the NAS1-8494 is the second contract in an 
on-going series, is the development of an informational base available to and readily 
usable by the designer of LSS and components. The primary function of the NAS1-8494 
contract is the development of a set  of analytical models. These models have been so 
designed as to form the basis from which virtually all gravity-sensitive processes of 
LSS equipments can be analyzed and their equipment designs configured. 
A typical method of organizing and relating the predictive data made available 
through the use of such analytical models as those being developed is the graphical rep- 
resentation of the quantitative relationship between parameters of the process as de- 
scribed by the model and a parameter of the design under study. Although it is both 
technically impossible to produce a set of mature design parametrics until the analytical 
models on which they are based have been fully matured through the experimental tests 
of ensuing programs, and operationally impractical except as part of an actual design 
program, an example can be constructed to illustrate their format and potential utility 
on the solutions of a design problem. 
Figure 137 illustrates a typical approach in the utilization of the analytical models 
in the solution of design problems, i.e., analysis as a part of design synthesis. 
ANALYTICAL MODEL NO. 1 - "NUCLEATE BOILING" 
Figure 138 is a typical development which might be of interest to the design of a 
storage vessel and venting system. The data for the lg  case have been validated by 
experimental test while the data for the low-gravity cases represent unvalidated 
predictions e 
The development of design parametric data relating to the overall phenomenological 
system involved might well require input data from sources other than from the model 
developed herein. For the example design parametric, input data pertaining to bubble 
departure from the heated surface must be obtained from the literature since the program 
simulates only the bubble trajectory after the bubble leaves the surface. These data in- 
clude bubble size, departure frequency, and fraction of energy input going into latent 
heat, These variables are discussed by Tong (ref. 4), Keshock (ref. 5), and others. 
The physical characteristics of the problem are input taking advantage of the degeneracy 
factor for symmetric problems. The acceleration field for the problem is defined. 
Bubble size and frequency from the literature define the evolution rate for a given wall 
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Figure 138. - Example Design Parametric - Void Fraction Versus Heat Flux 
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heat flu. Conservatively assuming all energy, Q, goes to latent heating, i.e., bubble 
number of sites, N, is defined from the frequency and size data. 
The free variable in this expression is the number of sites selected per tmit area. The 
output from EVOLVE gives the void fraction; thus, with liquid height and container geom- 
etry, the void vapor entrained can be determined. 
There are many areas where information from the analytical model described here- 
in can be related to specific design parameters. The tabulation presented in the section 
titled vfAPPLICATION TO LSS DESIGN STUDIES" (for the nucleate boiling model) indi- 
cates the machine processes for each LSS function where such considerations could 
logically appear. For example, figure 138 could well be one of several applicable to 
oxygen Supply (3), COS Removal (17) Water Reclamation (47), and Waste Management 
(74). Other interests might relate the alterations imposed by variations in pressure, 
liquid characteristics etc .. 
ANALYTICAL MODEL NO. 2 - "DIFFUSION/CONVECTION" 
Figure 139 is a typical plot of parametric data for the dehumidification process 
which has been compiled from a procedure similar to that illustrated by figwre 138. 
The dependent variable is the mass velocity of moist air through the unit and the water 
removal rate is specified for flow area in the channel for a range of channel heights. 
This type of data is easily obtained from the computer model. 
In that the diffusion process can be considered gravity independent, it can be as- 
sumed at this point that the data could be used for both l g  and low+ design. The model 
has utility in the design of any life support process where the convective diffusion mech- 
anism exists. 
There are many areas where information from the analytical model described here- 
in can be related to specific design parameters. The tabulation presented in the section 
titled "APPLICATION TO U S  DESIGNS' 1 (for diffusion convection) indicates the machine 
processes for each LSS function where such considerations could logically appear. For 
example, figure 139 could well be one of several applicable to interests other than that 
illustrated, namely, the channel height (h). These could well be any of the several 
parameters handled directly or indirectly by the computer program; for example, plate 
temperature, inlet -outlet concentration, and stream inlet temperature. Such consider - 
ations form the major inputs to the design analysis of the typical aerospace condensing/ 
humidifying porous plate heat exchanger. 
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ANALYTICAL MODEL NO. 3 - "FILM STABILITY AND TRANSPORT" 
Figure 140 is a typical plot of potential value in the design of systems transporting 
liquid films. In this instance, the designer may choose to specify the film thickness 
which is expected within his hardware configuration, and he may ask the question, is 
the mass flow rate resulting in this interface velocity stable for the range of g-levels 
to be experienced? Program RECRIT was used to develop this parametric data plot. 
The plot is dependent on fluid properties and g-level. This model has potential for 
any application of film Bow on a surface, be it condensing, evaporating, or adiabatic. 
There are many areas where information from the analytical model described here- 
in can be related to specific design parameters. The tabulation presented in the section 
headed "APPLICATION TO LSS DESIGNS" (for film stability and transport) indicates the 
machine processes for each LSS function where such considerations could logically 
appear. For example figure 140 could well be one of several applicable variables other 
than that illustrated. Other parameters treated in the model are fluid surface tension. 
With interface velocity defined, program SHEAR results can be used to determine 
characteristics of the gas phase flow. These are important considerations in any life 
support system where film drag by a second phase is a design objective. 
ANALYTICAL MODEL NO. 4 - "INERTIAL SEPARATION" 
Much of the predictive data from which the laboratory experiments (at lg) relating 
to the screen separator were designed are directly applicable to equipment design solu- 
tions. There are, however, several cases where the data are not in an easily inter- 
preted format for design use. One representative example is the information relative 
to penetration due to droplet impact where the data presentation was explicitly related 
to test design and only inferentially related to equipment design. 
Figure 86 has shown droplet drop height, h, and a screen inclination angle, y ,  
neither of which are germane to an operating system and thus not likely to be recogniz- 
able by the designer as relevant to his decisions. The predictive equation used to corre- 
late the data, however, was derived from the appropriate design equation listed below. 
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For cases such as the test described where gravity forces are domiliated by the impact 
inertia of the droplet, the design parametric curve will be as shown in figure 141. Thus 
by knowing the droplet velocity and assuming a droplet impact angle, a screen material 
can be chosen which will avoid 
Additionally, certain design recommendations can be formulated now: 
a. 
be 
C. 
Choose the screen with the smallest pore size attainable, consistent with allowable 
duct pressure drop, 
Incline the screen to  the air flow and droplet impact vector with the shallowest angle 
possible e 
Coat the screen with a good nonwetting substance (such a s  Teflon) in such a way so 
that the coating is uniform and complete and no screen pores are blocked. 
ANALYTICAL MODEL NO. 5 - "CONVECTION HEAT TRANSPORT" 
Figure 142 is a typical plot of parametric data for the convective heat transport 
process. Here the designer may be operating at a set point, A, in the normal gravity 
environment. The convective heat transfer is unstable buk laminar. If the g-level is 
reduced to  one tenth the previous value, this set point changes to B by virtue of the 
linear dependence of R i  on g. Point B now is stable with a concomitant reduction in 
the heat transfer coefficient. Processes requiring certain heat transfer rates will alter 
those rates, depending on the g-level, by shifting to various regions of convective- 
mechanism interactions. It can also be seen that increasing the flow (to point C) will 
have a similar effect on the stability of the convection. 
ANALYTICAL MODEL NO. 6 - "FLOW REGIMX CHARACTERISTICSft 
Previous examples have indicated typical approachs in the utilization of the ana- 
lytical models in the solution of design problems. Due to the embryonic state of the 
proposed analytical model, it is difficult to provide a specific example of its appli- 
cation in numerical form. However, a sample design problem illustrates the method- 
ology involved in the application of the analytical development. 
Consider the problem area of liquid/gas separation by screen separators. To facil- 
itate the separation process, it is necessary to establish the characteristic dimension 
(size) of each phase and its spatial distribution (location in the conduit or tube cross 
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section) which will dictate the screen mesh and orientation. In general, the designer 
knows the following a priori information: 
a. 
b. 
c 
e 
Total mass flow range (M). 
Percent of gas, liquid or some type of quality range (X)# 
The inertial acceleration or gravity range (g) . 
Items a and b are represented by figure 143a for a fixed tube diameter. 
Liquid, gas continuum, dispersoid relations are represented by figures 143b and 
143c which result from the turbulent shear-surface tension balance, equations (4) and 
(5) in the section that discusses analytical model 6. Using equations (8) an? (ll), the 
spatial distribution is established based on the two figures 143d and 143e for stratified, 
annular, mixed-flow balances. 
A set of conditions on characteristic sizes and distribution can be generated for 
varying tube diameters which change the velocity conditions. From this, the optimum 
diameter and screen characteristics can be determined using the results from analyti- 
cal model 4. 
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REQUIREMENTS BEYOND THE SCOPE OF THE NAS1-8494 MOD 1 CONTRACT 
The primary objective of the Mod 1 version of the NAN-8494 contract was the 
initiation of the development and experimental evaluation of a set of analytical models 
which, when fully developed, will be of value to the designer of life support systems. 
With the conclusion of the Mod 1 tasks, the analytical models have been formulated and 
the f i r s t  phase of their experimental evaluation and subsequent correction has been 
completed, It is necessary at this point to define the tasks which must be undertaken to 
meet the requirements for completing the evaluation and maturation of the models. 
GENERAL REQUIREMENTS 
It has become clear during the course of the program, especially in light of the 
experimental evidence, that requirements for evaluation and maturation of the models 
include both analytical and experimental tasks. Further, the evidence shows that in 
most cases the continuing requirements call for investigations which are direct exten- 
sions and refinements of the type of work already performed., 
In general, the requirements are based on the necessity of 1) evaluating the accu- 
racy of the predictive aspects of the analytical models under low-g, and 2) augmenting 
the development of the models where uncertainties and/or uncompleted areas exist. 
A prime example of the former can be seen with Analytical Model No. 1 - "Nucleate 
Boiling, where the model has been rather fully developed both with respect to total 
coverage and to detail, while the most obvious example of the latter is seen with 
Analytical Model No. 6 - "Flow Regime Characteristics. 'I  Model 6 has initiated the 
development of a method for describing the dynamic aspects of the two-phase process 
and thus has opened the way for the development of a more useful design tool. However, 
the continued development of the model is totally dependent upon the analysis of experi- 
mental data obtained under low gravity, Once this has been accomplished, the l g  and 
zero-g data canbe compared to provide the basis for the continued analyticaldevelopment. 
For the most part, the other models require work at some combination of the two 
areas of interest within the range of the extremes required by Models 1 and 6, 
Certain additional areas of investigation should be included in the on-going tasks 
which are over and above those introduced during the Mod 1 phase of the contract. 
These %ew9f areas of investigation exist as a result of several factors including 1) 
arbitrary limitations in the Mod 1 tasks, 2) increased understanding of the problem 
and/or phenomenological behavior under study, and 3) the unique characteristics of the 
low-g environment, The inclusion of these new areas will influence the scope and 
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significance of both the experimental and analytical work. These new areas are high- 
lighted in the following paragraphs. 
NEW AREAS FOR INVESTIGATION 
ANALYTICAL MODEL NO. 1 - "NUCLEATE BOILING" 
Ex per iment a1 
The major new area of interest which should be included in the low-gravity experi- 
ments involves the effects of temperature fields on bubble motion. Observations of the 
phenoma were made in the laboratory tests, but specific measurements data were not 
considered as practicable due to  the overwhelming influence of the buoyancy effects. 
Where these effects are not dominant, the temperature field effects should prove 
to be significant and a major source of interest, particularly in view of its potential as 
a mechanism for control of the two-phase distribution. 
Analvtical 
An additional analytical task might well involve the integration of the program 
EVOLVE with others relating to  such facets of the overall phenomenological system as 
the characteristics of the formation and release of bubbles at the nucleation site. 
ANALYTICAL MODEL NO. 2 - "DIFFUSION CONVECTION" 
Exper imental 
The mechanisms of the dehumidification/humidification process are exceptions in 
the total group of processes under investigation for they are not considered to be "grav- 
ity sensitive." On the other hand, the liquid-transfer systems which interface with the 
dehumidification/humidific ati on process are potentially at least affected by variations 
in the acceleration field. From this point of view, it is logical, although not mandatory, 
that experiments involving the interface be included in the low-g work. The most rele- 
vant approach would combine the interests of this experiment with those of other experi- 
ments in the series, particularly Models 3b, 4, and possibly 5. 
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Analytical 
The %upra-efficiency anomalyf1 will require full resolution prior to  designing flight 
experiments if such are to be undertaken. The resolution will undoubtedly require both 
analytical and experimental investigation, but the initial tasks must be oriented to an 
analysis of the experiment design and the theoretical aspects of the problem. 
ANALYTICAL MODEL NO. 3 - "FILM STABILITY AND TRANSPORT" 
Exwrimental 
The major area for investigation which was not included in the Mod 1 tasks involves 
the conical surface system identified as Model 3b. The experiment should include at 
least two cone angles and be operated both with and without a condensation feed system. 
It is quite possible that, following the low-g experiments, specific laboratory experi- 
ments could be of value in augmenting the low% data. A s  with the experiments against 
Model 1, the effects of temperature gradients on transport are an added area for 
investigation . 
Analytical 
Perhaps the major area for further analytical investigation is the development of a 
more appropriate criterion for stability determinations. The R criterion, the ratio of 
downstream wave height (h2) to upstream wave height (hl) where %/hl > 1.2 = unstable, 
was found difficult if not impracticable, to  apply at least for the highly viscous liquid 
(glycol)/air system. 
An initial estimate is that a wave frequency parameter rather than wave height 
might be more descriptive of the real world process and likewise more accurately 
applied. 
ANALYTICAL MODEL NO. 4 - "INERTIAL SEPARATION" 
Experimental 
As with Model 3, the most obvious area for examination under low gravity is that 
of the conical or vortex separation system, identified as Model 4b. Although evaluation 
of the analytical model describing vortex separation could have profited, at  least mar- 
ginally, from the laboratory experiments, it is the low-g environment which offers 
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the major potential. This experiment should include several cone angles as well as 
variations on the inlet conditions. The major interest of the experiment would be in 
obtaining at least inferential data relative to the nature and influence of the boundary 
layer on the mass flow rate of the system. 
There are essentially no new areas of interest to be introduced into the experiments 
required for the evaluation of Model 4a. Rather, as with most of the experiments, the 
changes will be associated with test design improvements suggested by the laboratory 
experiments e 
Analytical 
There is some evidence that, as more is learned of the basic mechanisms involved 
in the capture and transport of liquid droplets away from a ducted air stream, the devel- 
opment of an analytical model presenting the process as a continuous and interdependent 
series of events may be potentially feasibie and of value to the design task. 
ANALYTICAL MODEL NO. 5 - "CONVECTION HEAT TRANSPORT" 
Experimental 
Few if any new areas for experimental investigation are anticipated at this point 
unless possibly application of the experiments to other fluids than air. However , it is 
clear that additional data in the low flow/low AT areas are most desirable, especially 
if  accompanied by interferometer flphotography. 
Analytical 
One of the primary areas to be investigated is the integration of selected elements 
of the diffusion convection model with those of the convection heat transport model. In 
effect, this would represent the next step in orienting the basic analytical work to the 
design task. 
ANALYTICAL MODEL NO. 6 - "FLOW REGIME 
Experimental 
Along with the refinements suggested by the informat 
ZHARACTERISTICS" 
on made available through t ne 
laboratory experiments, the practicality and information yield from including the exam- 
ination of a liquid/liquid and/or plastic/liquid system should be considered. The priority 
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of such a requirement bas not been established at this point but should be prior to fixing 
the flight experiment design., 
Analytical 
The remaining analytical requirements against this model are extensive as  pre- 
viously stated. Such will involve expanding and translating the preliminary set of 
parametric topologies into a unified analytical system which will clearly describe the 
dynamic characteristics of two-phase flow, 
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DEFINITION OF A PROGRAM TO COMPLETE THE DEVEL'OPMENT 
OF THE ANALYTICAL MODELS 
The Mod 1 contract work statement required that the program to complete the de- 
velopment of the analytical models be outlined with sufficient detail to facilitate deci- 
sions concerning subsequent courses of action. The principal tasks in the remaining 
program are those dealing with: 
a. 
b. 
C. 
d, 
e. 
f. 
g. 
h. 
Program planning. 
Apparatus and experiment design. 
Apparatus development tests 
Equipment fabrication and checkout. 
Flight qualification tests. 
Flight and simulated flight experiments 
Data acquisition. 
Analytical model updab e 
Experiments will be performed through a limited number of laboratory tests, a 
significant number of ground-based reduced-gravity tests principally through KC-135 
flights , and a final set through orbital space vehicle flights e 
INTERACTIONS WITH OTHER NASA PROGRAMS 
In the course of the execution of the Mod 1 objectives, inputs have been made to 
and received from other NASA programs. These programs are primarily involved in 
producing definitions of experiments for applications in various manned orbital space 
vehicles for R&D. Major areas of interaction were: 
a. Definition of NAS1-8494 experiments and preliminary concepts of integrated ex- 
periment package designs supplied to McDonnell Douglas for integration with the 
requirements for the NASA-LRC biotechnology laboratory, NAS1-9248 (ref. 6). 
Preliminary definitions of the types of experiments which could profit from the 
capabilities of a space station internal centrifuge provided to the study team for 
NAS1-7309 and NAS1-8751. 
b. 
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c e Definition of selected nonintegrated experiments package design concepts supplied 
to Convair for integration with the requirements for the NASA-MSFC experiment 
module, NAS8-25051 (ref. 7). 
Review of Apollo Block I1 systems to determine potentials for obtaining data 
relevant to the evaluation of the six analytical models. 
Review of NASA-MSFC propellant transfer experiment being proposed Ior the 
orbital workshop and inputs relevant to the design alterations and data of interest 
to the NAN-8494 objectives 
d. 
e. 
Efficient exploitation of the potentials provided by the several NASA programs 
which relate to requirements for space experiments in the areas of interest for NAN- 
8494 strongly suggests continuing efforts to assure that the various study and planning 
activities are fully integrated. 
EXPERIMENTAL PROGRAM SUMMARY 
LABORATORY TEST§ 
The laboratory tests will be primarily those associated with reducing uncertain- 
ties relating to design alternatives and to certain phenomenological behavior as a part 
of the development of the various flight experiment packages. Although it became 
apparent that additional refinements of the Mod 1 tests would yield meaningful and 
desirable data, the requirement to conduct tests at reduced gravity very significantly 
reduces the potential of such data. Additionally, obtaining such data would do little to 
reduce the dependency on and complexity of the reduced-gravity experiments,, It is 
considered that a more effective definition of additional laboratory requirements can 
be made following evaluation of the reduced-gravity experiments. 
One exception to this might be the experimental investigation of Model 4b, vortex 
inertial separation e Original plans did not call for laboratory experiments against 
this model due to the complexity of the experiment and the low probability of obtaining 
a significant yield under normal gravitational conditions e The secondary objective of 
the experiments, that of providing information concerning the design of low-gravity 
experiments was not considered sufficiently important to include it in the schedule. 
At the conclusion of the other experiments, it has become clear that their yield in this 
area may well have been underestimated. Thus, it may be well to schedule a brief 
but formalized laboratory experiment as a prelude to the design of the apparatus and 
procedures for the low-gravity experiments against Model 4b. 
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In a contrary vein, a laboratory experiment was initially scheduled against Model 
3b, film transport on conical surfaces. However, the experiment was eliminated from 
the schedule following further analysis of the test design in view of the data being pro- 
duced by its companion experiment, Model 3a - flat surfaces. Confidence at this time, 
relative to t h e  correctness of this decision, is greater than that for not including the 
Model 4b experiment in the Mod 1 test program. 
GROUND-BASED REDUCED-GRAVITY EXPERIMENTS 
The facilities referred to in this category include drop towers, balloons, drops 
KC-135 low-g trajectory flights rocket flights, and to a lesser degree unmanned 
orbital space vehicles e Characterization of these facilities is summarized by table 
53. All of these facilities can be shown to hold potentials in the evaluation of the analy- 
tical models. However, when the exploratory, i.e., nondeterministic, nature of the 
experiments is considered along with the relatively long duration of the observations 
involved, it becomes apparent that 1) in-progress observation and analysis must be 
available 2) equipments and procedures must be sufficiently flexible to permit in- 
progress alterations based on the on-going analysis and 3) sufficient dwell-time at 
the low-g level must be available to permit adjustment of variables and/or process 
stabilization. 
As demonstrated by the Mod 1 laboratory experiments, the stabilization following 
an alteration of a major variable can run from a minimum of 5 to 10 seconds for thin 
film stabilization for certain limiting configurations of Model 3 to a high of 10 to 20 
minutes for certain observations included in Model 5. 
In establishing priorities with respect to the low-g facilities, it must be remem- 
bered that for the most part the NAS1-8494 objects relate to rather complex systems 
of phenomena rather than single phenomenon or a phenomenological system of minimal 
complexity, as has traditionally been the case with experiments typically scheduled 
for these facilities. 
Tower and Balloon Drops 
Although tower and tethered balloon drops are relatively attractive from an 
economic standpoint and inherently allow for repeated drop cycles although at a fairly 
low frequency, the limitations relative to package size, instrument complexity, and 
dwell-time all but eliminate them as strong candidates for exploitation, 
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Rocket flights are available which can accommodate essentially any package size 
and instrument complexity which might be required. The dwell-time at low-g could 
undoubtedly handle at least 75 percent of the process stability requirements of the six 
experiment groupings e However the cost of experiment recovery and rescheduling a 
sufficient number of flights to assure success in the experimental process would be 
excessive. The rocket trajectory is far better suited for a specific inquiry into a 
specific aspect of a process rather than observations depending on a series of condi- 
tionally adjusted events in a %ondeterminable" series. 
Unmanned Satellites 
The unmanned satellite overcomes many of the disadvantages of the rocket tra- 
jectory, including provisions for in-progress adjustment and/or alteration of the 
experiment. However, the complexity of such a system to accommodate more than a 
fraction of the experimental requirements of the NAS1-8494 contract presents an 
essentially prohibitive task, both from the point of cost, schedule, and technological 
state-of-the art ,  particularly the latter e 
KC-135 Flights 
The KC-135 provides a very significant potential in two areas of the remaining 
program to complete the evaluation of the analytical models; namely, 1) the primary 
objective that of procurement of experimental data for direct evaluation of the models, 
and 2) the evaluation and/or flight qualification of experiment packages scheduled for 
manned space flight vehicle installation. In addition, it is considered, in light of the 
experimental evidence to date, that at least the screen separation portion of Model 4 
(4a) could be completely and perhaps ideally satisfied by the aircraft low-g trajectory. 
The reason for this is centered in the fact that the process being observed is inherently 
discontinuous with the initiation of each observed event fully controllable and the time 
span for each event very low, being in the range of < O .  1 to 0.5 second. In addition, 
observations are not critically dependent on extremely low-g levels , as might be the 
case for some experiment designs e The experimental examination of this process, 
like all others in this series, is investigative, therefore subject to continual in-progress 
alteration. These characteristics are precisely those best satisfied by the aircraft 
facility. Additionally, the g-profile of the trajectory provides a variation in g-level 
which can be viewed as being somewhat analogous to the potentials of the space station 
internal centrifuge and which can be significant for a majority of the experiments. 
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It is reasonable to assume that each experiment package destined for application 
in manned space vehicles is a candidate for evaluation and/or flight qualification in 
the aircraft facility. 
MANNED ORBITAL-FLIGHT EXPERIMENTS 
With the possible exception of the diffusion convection elements of Model 2 and 
Model 3a in its entirety, the major elements of each experiment are candidates for 
inclusion in the manned orbital-space-flight experiment programs e As discussed in 
some detail in the previous sections specifically dealing with each individual analytical 
model, the capability to observe the behavior of the system under various levels of 
reduced gravity should be exploited where available. As briefly noted, the KC-135 
trajectory may provide an initial view for certain high-response processes. However, 
the internal centrifuge mounted in a space station complex or an equivalent platform 
is required to provide steady-state operation at any desired point in a wide range of 
low-g levels (ref. 8). 
FLIGHT-EXPERIMENT-PACKAGE DESIGN CONCEPTS 
Although it is not possible within the scope of the Mod 1 study to specifically de- 
fine the flight-experiment packages which should be considered for development, 
sufficient information is available to produce a set of design concepts which define the 
population from which the eventual designs will most logically emerge 
It is reasonable to assume that various con€igurations of each of two basic types 
of packages provide the greatest probability of correctly characterizing this population. 
Characterization of Package 
The two basic types of packages can be characterized as follows: 
ype 1 - Integrated Experiment Package 
a. Primary application - manned orbital spacecraft, 
b. Expected configurations - prototype flight, qualified. 
c e 
d. 
Developmental test facilities potentially involved - laboratory, KC-135. 
Degree of integration (portion of total model coverage per package) - 30 to 70% 
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Type 2 - Nonintegrated Experiment Package 
a. 
b. 
c 
Primary application - workshop, KC-135. 
Expected configurations - experimental, prototypes flight qualified. 
Development test facilities potentially involved - laboratory, KC-135, limited 
drop facilities e 
Degree of integration (total/package) - 20%. d, 
Preliminary Design Concepts for Type 1 Experiment Packages 
Figure 144 illustrates an approach to the integration of all required functions into 
two experiment packages. The design and installation concepts are illustrated by 
figures 145 and 146. Power requirementsfor each of the two packages should be no 
more than 600 watts (peak) and 250 watts (time averaged) divided between fan, heater, 
and instrument (continuously regulated ac-dc power). Heat transport, cabin vent, and 
space vent interconnects would be required. Both photographic and numerical data 
would be produced with the latter requiring ground and/or on-board processing of 10  
to 20 parameters per experiment mode with data channel sampling of at least 5 channels 
per scan at a rate of 2 to 0.03 scans/sec. Data a re  combinations of digital and analog. 
a. 
b. 
C. 
d. 
e. 
General Instrumentation Requirements 
The instrument requirements common to both Type 1 packages include: 
Two-phase interaction dynamics - high-speed movie camera and/or TV monitor. 
A i r  flow measurement and indicators - hot-wire anemometer, mass flow meter. 
Liquid flow measurement and indicators - turbine meter. 
Temperature measurement and indicator - mechanical/elec trical transducer e 
Signal conditioning and amplification - thermocouples, thermistors a 
Package A. - Two-phase interactions and mass ratios - photocell and signal 
processor. 
Package B. - Temperature profile dynamics - interferometer; and for the humidity 
concentration field - piezoelectric sorption o r  photocell. 
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PACKAGE A 
1 
E BOILING 8 FILM TRANSPORT CHAMBER 
3. TWO-PHASE FLOW CHAMBER 
4. VORTEX SEPARATOR 
5. NUCLEATION SITES 
6. WATER PUMP 
7. RESERVOIR 
PACKAGE B 
1. EVAPORATION CHAMBER 
2. 
3. CONDENSING & CONVECTION CHAMBER 
5. COLD PLATE (POROUS) 
6. WATER PUMP 
7. RESERVOIRS 
8. ADJUSTABLE HYDROPHOBIC SCREEN (OPTIONAL) 
CONICAL SURFACE FILM TRANSPORT (CONDENSING) 
- - 4. HOT PLATE (ELECTRICAL) 
Figure 145. - Design Concepts for Type 1 Flight  Packages 
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Figure 146, - §wing-out Module Installation Package 
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Ins tallation Concepts 
The swing-out module (ref e 9)p shown in figure 146, provides both the access and 
manipulative flexibility required by the investigative nature of the experiment. In addi- 
tion, it permits the extremely high-density packaging required to attain the highly inte- 
grated design in the space constrained environment. The installation weight of the pack- 
ages should be in the range of 200 to 350 pounds for an envelope of 2.5 by 3 by 6 feet. 
PROGRAM TASK SUMMARY 
Figure 147 suggests a schedule appropriate to the execution of the continuing 
program. 
PROGRAM AND EXPERIMENT DEFINITION - PHASE I 
A program planning and experiment definition phase is required to reevaluate and 
detail the recommendations being made by the Mod 1 contract. A degree of detail and 
specificity is required sufficient to permit timely decisions concerning immediate and 
definitive steps in the execution of the on-going program. The information should be 
so oriented that an optimum selection of alternatives can be made against a set of ex- 
plicitly stated criteria which include such elements as NASA program cost, data yield 
potential schedule €easibility and data acquisition probability. Determination of the 
optimum course of action is a classic example of what has become to be known as 
'!decision under uncertainty" and as such the determination should be made with the 
aid of an evaluation or decision model which fully and explicitly treats at least the 
major elements of such a decision process (ref. 10). 
PROTOTYPE DEVELOPMENT AND GROUND-BASED TESTS - PHASE I1 
This phase of the program will develop and test prototypes of both Types 1 and 2 
experiment packages for reduced-gravity applications. In addition, certain experi- 
mental models will be developed and experiments conducted as an aid to the design 
task. It is at this point that specific and detail integration of the equipment designs 
and schedules with those of the actual facilities to be employed is initiated and carried 
forward throughout the remainder of the program. Documentation of experiment pro- 
cedures and flight-crew training programs also emerge during this phase of development. 
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The experiment packages prototypes will be evaluated in a combiriation of reduced 
and/or l g  facilities. For example, if a Type 2 design is contemplated for the inertial 
separation - Case 1 screen experiment and its ultimate reduced-gravity test facility 
is established as the KC-135, a prototype of this package would be developed and tested 
in the laboratory in preparation for final development and flight testing under Phase 111. 
A Type 1 experiment package destined for ultimate application in a manned orbital 
spacecraft could be developed as a prototype with evaluation tests conducted both in the 
laboratory and under reduced gravity, including the KC-135 facility. 
SPACEFLIGHT EXPERIMENT PACKAGE DEVELOPMENT - PHASE 111 
Tasks in this phase of the program wmld be centered in the translation of infor- 
mation produced in the previous phase, as a result of prototype development and 
evaluation testing, into flight-qualified operational hardware e If the prototype evalua- 
tion tests of the previous phase, particularly those involving the KC-135 facility, were 
not fully adequate for flight qualification of the operational models, the KC-135 might 
again be required, at least on a limited basis. At  this point in the program, there 
should be but minimal uncertainty relative to both the expected performance of opera- 
tional equipment and the data yield from the experiments to be subsequently performed 
aboard the orbital vehicle. In addition, it could be expected that the package layout 
and installation design were as close to optimum as feasibly attainable. 
With proper attention to the design of both the experimental and evaluation tests 
for Phases I1 and 111 and the subsequent analysis of data, it can be expected that a 
significant advance in the maturity of the analytical models will have been attained 
prior to the space flight experiments. 
It is in this phase that design and schedule integration becomes most critical, and 
flight-crew training is underway. 
SPACE DATA ACQUISITION AND MODEL UPDATE - PHASE IV 
Previous phases have defined the program, developed the experiment packages 
as an integrated function in a specifically scheduled space vehicle, and have initiated 
the working agreements relative to data acquisition from both prelaunch and postlaunch 
operations. Undoubtedly, the most effective method of obtaining these data is for an 
explicitly created interface of contractor data processing equipment and/or personnel 
with the NASA counterparts at the ground monitoring facility(s). 
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Data analysis and model updating will be a similar task to that of'the Mod 1 
contract e 
It can be anticipated that problems will exist in carrying continuity of both analy- 
tical objectives and methods throughout the several phases of the contract. Special 
attention must be given to  the importance of maintaining adequate continuity throughout. 
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A CLASSIFICATION SYSTEM FOR ANALYTICAL AND COMPUTER MODELS 
FOR THE NAS1-8494 CONTRACT 
A classification system to describe the analytical and computer models (ref .Bl,  B2) in 
terms relating to contract objectives has been developed in an attempt to provide an aid to: 
a. Communications and general understanding. 
b. A uniform framework through which an assessment of the relative value of the 
models can be undertaken. 
A uniform framework through which alterations to the models can be described 
and evaluated. 
c. 
The classification system utilizes alphanumeric designates. The primary or domi- 
nant characteristic , identified by a Roman numeral , refers to the degree of mathemati- 
cal sophistication of the analy-tical model, i. e. , a characteristic involving several 
factors including: 
a. Complexity of the systsm being modeled (phenomenological or mathematical in this 
case) relative to number of elements (extent of substructure), significance of inter- 
actions, number and variability of the driving functions, etc. 
Degree to which the model precisely describes the system, i.e., degree of detail 
and absence of simplifying assumptions a 
b. 
The secondary characteristic, identified by a capital letter , refers to the complete- 
ness, degree of detail, and size of the computer model involved. 
The tertiary characteristic, identified by an Arabic numeral, refers to the degree 
to which the model or element of the model developed under this contract contributes to 
the analytical literature or state-of-the-art, 
The quarternary characteristic, identified by a lower case letter, indicates the de- 
gree to which the model is directly relatable to the macro or engineering system in 
question, in this case an LSS process, 
The definitions of the classification categories are: 
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DEGREE OF MATHEMATICAL SOPHISTICATION 
I. The model precisely describes a highly complex and dynamic phenomenological 
system involving a multiplicity of highly interactive, discontinuous variables 
which are described by higher order partial differential equations e Solutions are 
attainable by numerical methods 
II. The model grossly describes a highly complex system through approximate de- 
scriptions attained by lower order, linearized > differential equations. Solutions 
f w  the resulting ordinary differential equations are analytical or numerical. 
III. The model precisely describes a moderately complex system in which interactions 
of variables are minimal and essentially linear. Ordinary differential equations 
and numerical solutions apply. 
IV. The model adequately describes a relatively simple system through simplified 
lower orders linear, crdinary differential equations, or  a complex set of algebraic 
relationships e 
COMPUTER MODEL SOPHISTICATION 
A. Computer model is complex, highly detailed, and complete in description of the 
micro-structure of the phenomenological system. 
Computer storage capacity requirements are large, generally in excess of 120 K. 
The ratios of computer run time to system real time are very high, ranging from 
10  to 1 to=-> 10 to 1. 
Practicality of use usually requires extensive dependence on a broad range of 
computer system software. 
Be Computer model grossly describes the process. Relatively few assumptions are 
required and the description is moderately complex and detailed. 
Ratios of computer run time to system real time are only moderately high, gen- 
erally in a range of less than 10 to 1 to as low as  1 to 1. Moderate utilization of 
computer storage and computational capacity, generally in the range of 80 to 90 K. 
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Moderate requirements for computer system software. 
Computer model concisely and adequately describes the process although many 
simplfying assumptions are present. 
Computer run time ratios are low. Computer storage and computer system soft- 
ware requirements are relatively low. 
Computer model is highly simplified and standard computer system software can 
often provide the major portion of the computational task. 
DEVELOPMENT CONTRIBUTION 
1. Provides an analytical tool where none has existed, at least in the open literature. 
2. Augments an analytical tool previously existing in the open literature and, in so 
doing, significantly increases its utility. 
3. An analytical tool previously existing in the open literature with no significant 
changes required. 
LSS PROCESS SIMULATION 
a. The model provides a basis for direct simulation of a set of phenomenological pro- 
cesses which combine to produce an LSS function or "macro system. f (  
b. The model provides the basis for direct simulation of a set of phenomenological 
processes which combine to produce the sub- or  microstructure of a typical LSS 
function. 
c. The model provides the basis for describing the characteristics of certain mechan- 
isms operating within a selected element or substructure of an LSS process. 
d. The model describes phenomenological processes only indirectly related to LSS 
processes. 
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LIBRARY CARD ABSTRACT 
CONVAIR DIVISION OF GENERAL DYNAMICS, FTNAL TECHNICAL REPORT, 
GRAVITY -SENSITIVITY ASSESSMENT CRITERIA "The Life Support System Zero-G 
Study, Itby J. R. Burnett, E. A. Evans, and K. D. Burton, June 1970. -
This report documents the first phase of the analytical and experimental work being 
conducted in the synthesis of the six analytical models relating to gravity-sensitive 
phenomena involved in life support systems typical of the near-term future. 
1, 
2. 
3. 
4. 
- 5 .  
6. 
The six models are: 
Nucleate Boiling. 
Diffusion Convection e 
Film Stability and Transport. 
Inertial Separation. 
Convection Heat Transport. 
Flow Regime Characteristics. 
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